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ABSTRACT 


This  report  describes  the  design,  calibration,  and  labora¬ 
tory  qualification  testing  of  the  complete  motion-compensated  wave 
profiling  system  (except  for  the  altimeter)  as  installed  on  the 
high-speed  surface  effect  ship,  the  SES-100A.  It  also  describes 
the  detailed  design  and  analysis  of  the  strapdown  inertial  motion 
compensation  system  used  to  remove  vehicle  motion  from  the  altimeter 
signal.  The  system  is  necessary  to  achieve  real-time  on-board  wave 
profiling. 


THE  JOHNS  HOPKINS  UNIVERSITY 

APPUED  PHYSICS  LABORATORY 

laurel.  Maryland 


PREFACE 


The  Applied  Physics  Laboratory  (APL)  is  engaged  under  con¬ 
tract  with  the  Surface  Effect  Ship  Project  Office  (PMS-304),  Naval 
Sea  Systems  Command,  in  the  development  of  an  on-board,  real-time 
wave  profiling  system  for  use  on  the  SES-100A. 

This  report  describes  the  design,  calibration,  and  laboratory 
qualification  testing  of  the  complete  wave  profiling  system  except 
for  the  altimeter.  Results  of  testing  two  microwave  altimeters  are 
contained  in  Refs.  1  and  2.  Reference  3  is  an  operator's  manual  for 
the  wave  profiling  system.  The  detailed  analysis  of  the  vertical 
gyro  is  contained  in  Ref.  4. 

APL  acknowledges  that  without  the  full  cooperation  of  and 
technical  assistance  from  PMS-304,  including  the  Surface  Effect 
Ship  Test  Facility  (SESTF),  successful  completion  of  this  phase  of 
the  wave  profiling  system  development  would  not  have  been  possible. 
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1.  INTRODUCTION 


Early  in  1977,  the  Surface  Effect  Ship  Project  Office  (PMS-304), 
Naval  Sea  Systems  Command,  requested  that  APL  support  the  develop¬ 
ment  of  instrumentation  for  use  on  board  a  100-ton  surface  effect  ship 
(SES),  the  SES-100A,  which  was  operating  in  the  Chesapeake  Bay.  The 
instrumentation  was  needed  to  provide  a  real-time  description  of 
the  encountered  water  surface.  The  envisioned  system  would  provide 
inertial  sensors  and  the  necessary  signal  processing  to  remove  the 
base  motion  from  a  vehicle-to-surface  height  sensor  yielding  the 
wave  profile. 

In  the  Chesapeake  Bay,  the  water  surface  conditions  can  vary 
significantly.  This  on-board  instrumentation  is  needed  in  lieu  of 
the  fixed-site  wave  measurements  to  provide  a  continuous,  real-time, 
local  description  of  the  encountered  sea  state.  These  data  would  be 
used  in  the  post-test  analysis  and  correlation  studies  relating  the 
measured  vehicle  responses  to  the  input  sea  conditions  encountered 
during  the  long  high-speed  test  runs  of  the  SES.  Additionally,  a 
real-time  output  of  the  wave  conditions  encountered  during  the  test 
run  would  enable  the  test  conductor  to  judge  whether  or  not  the 
desired  test  conditions  were  met.  This  capability  could  significantly 
improve  testing  efficiency  and  eliminate  unnecessary  data  reduction 
and  analysis. 

The  instrumentation  to  be  developed  should  use  existing  on¬ 
board  equipment  where  applicable. 

APL,  while  conducting  a  preliminary  study  of  the  problem,  con¬ 
sulted  with  concerned  individuals  at  the  Surface  Effect  Ship  Test 
Facility  (SESTF) ,  PMS-304,  and  the  David  Taylor  Naval  Ship  Research 
and  Development  Center.  In  April  1977,  APL  submitted  a  proposal 
(Ref.  5)  to  the  Sensors  and  Controls  Branch  of  PMS-304  for  the 
development  of  a  wave  profiler  for  the  SES.  The  proposal  was  for 
an  inertially  compensated  laser  altimeter  wave  profiling  instrument. 

It  was  APL’s  opinion  that  the  available  microwave  altimeters  would 
not  meet  the  on-board  wave  profiler  requirements  for  the  SES;  hence 
the  development  included  improving  the  existing  microwave  altime¬ 
ters  if  possible  or  developing  alternatively  a  new  laser  altimeter. 

The  instrumentation  development  program  proceeded  as  two 
semiparallel  efforts.  One  effort  was  to  define  the  capability  of 
two  microwave  radar  altimeters  (the  available  Collins  ALT  50  and 
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the  to-be-purchased  TRT  AHV  20)  used  as  wave  height  sensors  when 
mounted  in  a  forward  location  on  the  SES  bow  boom.  The  other  effort 
was  to  develop  the  inertial  sensor  suite  and  associated  electronic 
signal  processor  to  remove  base  motion  from  the  altimeter  signal. 

This  report  contains  the  details  of  the  second  effort  where¬ 
in  the  hardware  for  the  vehicle  motion  determination  was  designed, 
tested,  qualified,  delivered,  and  installed  on  the  SES-100A. 
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2.  THE  WAVE  PROFILING  SYSTEM  DESIGN  APPROACH 


The  following  approach  was  used  to  develop  the  system  design: 

1.  Consider  the  SES  operational  requirements  and  available 
sensors, 

2.  Develop  the  theoretical  model  of  the  system, 

3.  Analyze  and  simplify  the  model  to  optimize  the  design 
for  practical  use,  and 

4.  Develop  the  basic  systems  hardware  to  fit  the  model  and 
conduct  tradeoffs  where  necessary  to  achieve  the  simplest 
system  that  would  still  meet  the  design  requirements. 


To  accomplish  1  above,  APL  received  the  SES-100A  operational 
envelope  and  some  of  the  existing  vehicle  response  data  that  had 
been  gathered  while  operating  in  the  Chesapeake  Bay  (Refs.  6  and  7 
are  typical)  together  with  the  system  requirements  and  specifica¬ 
tions  documented  by  PMS-304  in  Ref.  8.  The  Surface  Effect  Ship  Test 
Facility  was  visited  for  discussions  of  their  needs  and  how  they 
would  use  such  a  system  on  the  SES-100A.  APL  reviewed  with  SESTF 
personnel  the  sensors  now  on  the  SES-100A  and  discussed  in  general 
terms  the  SES-100A  operational  constraints  and  performance  envelopes. 


The  theoretical  model  of  the  system  was  derived  from  basic 
physics  where  the  motion  of  the  altimeter  transducer  mounting  site 
was  described  exactly. 

The  exact  model,  which  includes  six  degrees  of  freedom  (three 
linear  and  three  angular),  was  simplified  by  (a)  sensor  considera¬ 
tion,  (b)  making  error  studies  to  show  how  some  terms  were  not  sig¬ 
nificant  for  the  operational  range  and  could  be  neglected,  and  (c) 
considering  the  impact  of  the  operational  usage  of  the  equipment. 

The  final  system  hardware  configuration  was  developed  to  fit 
the  analytical  model  by  generating  analytic  models  of  the  sensors 
and  electronics  and  then  combining  each  in  an  optimal  way  by  trade¬ 
offs,  again  considering  operational  usage  and  accuracy  constraints. 
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3.  PROFILER  REQUIREMENTS 


The  SES,  supported  by  a  captured  air  cushion,  can  skim  the 
water’s  surface  at  speeds  greater  than  60  kt.  The  forces  that  keep 
the  vehicle  on  the  water's  surface  are  provided  by  a  pressurized 
air  chamber  (plenum).  This  is  formed  by  the  vehicle’s  fixed  struc¬ 
ture  on  top  and  on  two  sides  (port  and  starboard),  by  the  flexible 
(movable)  seals  on  the  bow  and  stern,  and  on  the  bottom  by  the  sur¬ 
face  of  the  water  itself.  The  steady-state  pressure  within  the 
plenum  must  be  adequate  to  support  the  weight  of  the  SES.  The  air 
is  supplied  by  axial  fans  that  run  at  a  relatively  fixed  rpm  supply¬ 
ing  a  volume  rate  of  flow  into  the  plenum.  The  input  rate  of  flow 
depends  on  the  ratio  of  plenum  pressure  to  the  outside  ambient  pres¬ 
sure.  The  pressure  (p)  increases  inside  the  plenum  until  enough 
force  (F  =  pA,  where  A  =  planform  of  the  plenum)  is  generated  to 
cause  the  vehicle  to  rise  to  the  surface.  At  this  point,  the  air 
escapes  from  the  plenum,  reaching  equilibrium  when  the  input  volume 
flow  rate  equals  the  output  volume  flow  rate.  If  the  vehicle  is 
moving  over  a  water  surface  containing  waves,  the  plenum  volume 
changes,  causing  an  increase  in  pressure  proportional  (to  first  or¬ 
der)  to  the  decrease  in  volume.  The  pressure  increase  results  in  a 
vertical  force  proportional  to  the  pressure  increase,  hence  a  verti¬ 
cal  acceleration  of  the  SES, 

Analytical  predictions  of  the  motions  of  larger  SES  (up  to 
3000  tons)  indicate  that  the  heave  resonse  at  certain  combinations 
of  sea  state  and  ship  heading  may  be  sufficient  to  induce  crew  sea¬ 
sickness.  For  this  reason,  a  ship  ride  control  system  is  being 
designed  to  attenuate  the  heave  motions  and  to  improve  crew  habit¬ 
ability.  The  SES-100A  design  for  ride  control  is  to  vent  dynami¬ 
cally  the  plenum  to  maintain  a  constant  pressure  under  the  vehicle. 
This  is  done  by  sensing  plenum  pressure  and  hence  commanding  the 
opening  of  vents  to  maintain  the  pressure  constant.  The  SES-100A 
test  data  show  that  the  pressure  fluctuation  and  the  resulting  ver¬ 
tical  acceleration  are  reduced  by  an  active  ride  control  system. 

The  evaluation  of  a  ride  control  system  requires  correlating 
the  vehicle  vertical  response  to  the  water  surface  conditions  (sea 
state)  as  they  are  encountered.  In  particular,  a  precise  measure 
of  the  wave  profile  must  be  available  if  a  model  of  the  system  is 
to  be  generated  for  simulation  work.  Also,  to  improve  the  ride  fur¬ 
ther,  one  could  sense  volume  change  rather  than  the  resulting  pres¬ 
sure  change  as  the  ride  control  sensor.  One  could  conceive  a  sys¬ 
tem  where  a  wave  profiler  could  be  used  to  compute  the  volume  change 
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about  to  occur  and  eliminate  the  effect.  Hence  there  is  the  present 
need  for  an  on-board  wave  profiler  and  a  suggestion  of  the  possibil¬ 
ity  of  not  only  using  the  device  as  an  R&D  instrumentation  tool  but 
also  as  a  part  of  the  active  control  system  for  ride  control  and  for 
vehicle  stabilization  and  control. 

How  does  one  profile  a  wave?  Apparently  there  are  many  ap¬ 
proaches  to  wave  profiling  (sea-state  definition),  but  most  appear 
inadequate  in  the  SES  application  because  of  the  short  measurement 
distance  and  because  the  surface  to  be  measured  is  rough  water.  The 
profiler  accuracy  requirement  is  based  on  the  vehicle's  response  to 
changing  volumes  within  the  plenum  due  to  wave  encounters.  The  ve¬ 
hicle  acceleration  is  proportional  to  1/[1-(AV/V))  (to  first  order 
the  ratio  of  the  change  in  plenum  volume  (AV)  to  the  steady-state 
plenum  volume  (V)).  For  the  fixed  planform  area,  this  converts  to 
l/[l-(Ah/h)]  (the  ratio  of  the  change  is  height  (Ah)  to  the  steady- 
state  height  (h)).  Hence  for  a  plenum  height  of  10  ft,  for  example, 
a  1.0  ft  change  in  height  at  1  Hz  will  produce  a  0.1  g  input  at 
1  Hz.  To  be  useful  a  wave  profiler  must  be  able  to  profile  the 
waves  to  better  than  0.1  ft  at  the  encounter  frequencies  of  interest. 

The  frequencies  of  waves  encountered  are  determined  by  the 
encountered  sea  state  and  the  vehicle  speed.  Using  the  Pierson- 
Moskowitz  sea  spectrum  definition  where  X  =  13.14  h,  Fig.  1  results, 
which  relates  wave  encounter  frequency  as  a  function  of  vehicle 
speed  for  different  wave  heights.  This  also  assumes  head  seas  and 
that  the  waves  have  no  speed  of  their  own.  The  effect  of  wave  speed 
is  to  shift  the  spectrum  but  not  to  change  it  significantly.  The 
lower  amplitude  waves  have  the  higher  encounter  frequencies.  How¬ 
ever,  the  high  frequency- low  amplitude  waves  have  less  effect  on  the 
vehicle  due  to  effects  such  as  wave  pumping  and  vehicle  natural 
response  to  pressure  fluctuations.  Referring  to  data  from  tests 
of  the  SES-100A  in  the  Chesapeake  Bay,  the  center  of  gravity  verti¬ 
cal  acceleration  power  spectral  density  and  the  cushion  pressure 
power  spectrum  each  peak  around  1.5  Hz  with  the  energy  speed  from 
0.5  to  5  Hz.  It  is  obvious  that  the  smaller  waves  (h  <  1  ft)  that 
have  wave  lengths  of  *“13  ft  have  very  small  effects  on  the  vehicle. 
Hence  the  system  response  should  be  accurate  to  at  least  5  Hz. 

These  wave  profiler  system  requirements  are  documented  in  part  in 
Refs.  8  and  9. 
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4.  DEVELOPMENT  OF  THE  THEORETICAL  MODEL 


The  output  from  a  vehicle-mounted  altimeter  that  is  being 
used  as  a  surface  profiler  is  corrupted  by  the  vehicle  motions. 


In  Fig.  2,  the  altimeter  output  (Eq)  is  the  sum  of  the  out¬ 
put  due  to  the  mean  height  (h^) ,  the  vehicle  motion  (hv) ,  and  the 
surface  fluctuation  (h^) •  for  a  surface  vehicle  traversing  the 
water,  the  mean  height  (h^)  is  assumed  to  be  relatively  fixed  and 

not  a  strong  function  of  time.  Both  h  and  h  are  functions  of 
°  v  w 

time  and  are  highly  dependent  on  vehicle  speed  over  the  water.  The 

altimeter  output  is  given  by 

EQ(t)  =  hQ  +  hy(t)  +  hw(t)  .  (1) 

If  hv(t)  i.an  be  determined  accurately  by  an  independent  measurement, 

the  altimeter  output  signal  can  be  corrected  by  a  simple  subtraction 
to  yield  the  mean  altitude  plus  the  profile  of  the  wave  surface. 

This  corrected  altimeter  signal  can  ue  analyzed  to  yield  the  encoun¬ 
tered  wave  profile,  and  if  the  ship’s  speed  was  also  recorded  the 
sea  state  can  be  determined. 

The  vehicle  vertical  motion  for  this  sample  model  can  be  ob¬ 
tained,  for  example,  from  a  single  vehicle-mounted  vertical  accelera¬ 
tion  sensing  accelerometer  whose  output  (hv)  is  ideally  integrated 

twice  as  shown  in  Eq.  2  to  yield  a  continuous  signal,  if  scaled 
correctly,  representing  vehicle  vertical  height, 

hv(t)  =  //  hv  dtdt  .  (2) 


Basically,  this  is  what  we  want  to  implement  but  for  a  more 
complex  situation  where  the  vehicle  has  three  angular  motions  and 
three  linear  motions.  The  problem  is  to  measure  the  total  accelera¬ 
tion  using  a  triad  of  vehicle-mounted  accelerometers  and  to  trans¬ 
form  this  measurement  to  the  local  vertical  reference  axis  for  double 
integration.  The  exact  equation  for  the  coordinate  transformation 
of  accelerations  sensed  in  body  coordinates  to  the  acceleration  of 
the  body  in  local  level  reference  coordinates  is  given  in  Eq.  3: 
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[A]  =  [M]  [a]  ,  (3) 

where 


local  horizontal  components 
of  acceleration 

vertical  component  of  acceleration 

deck-mounted  accelerator  triad,  when 
x  is  the  component  along  vehicle  C^, 

y  is  the  component  athwartship,  and 
z  is  perpendicular  to  the  deck  plane, 

and  [M]  is  the  3x3  coordinate  transformation  matrix  for  ordered 
angular  motions  (Ref.  10).  Assuming  the  order  of  motions  is  heading 
(i|/),  then  pitch  (0),  and  finally  roll  ($) ,  the  [M]  matrix  in  Eq.  4 
results: 


Substituting  and  solving  Eq.  3  for  the  vertical  acceleration 
Z  in  terms  of  the  body  angles  and  body  accelerations,  Eq.  5  results: 

=  -x  sin8  +  y  cosQ  sin<j>  +  z  cos8  cos$  . 


Z 


(5) 
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This  is  an  exact  equation  for  the  vertical  acceleration  in  terms  of 
the  body-sensed  acceleration  components  (x,  y,  and  z)  and  the  asso¬ 
ciated  body  attitudes  (roll  4>,  pitch  0). 

Now  that  we  have  developed  the  basic  system  model  for  deter¬ 
mining  vehicle  vertical  motion,  the  sensor  models  and  electronic 
models  are  exercised  in  the  system  model  to  determine  error  sensi¬ 
tivities.  These  error  sensitivities  when  in  conjunction  with  the 
operational  requirements  provide  requirements  for  sensor  and  elec¬ 
tronics  performance.  Performance  tradeoffs  are  then  conducted  to 
obtain  a  final  simplified  system  design  that  is  more  easily  imple¬ 
mented  in  the  hardware. 

Since  the  heading  attitude  does  not  appear  in  the  exact  trans¬ 
formation  Eq.  5,  the  roll  and  pitch  attitudes  with  the  correct  order 
of  motion  can  be  obtained  from  a  single  sensor  called  a  vertical 
gyro.  With  the  accelerometer  triad  mounted  at  the  altimeter  site 
and  aligned  relative  to  the  axes  of  the  vertical  gyro  and  Eq.  5  im¬ 
plemented  electronically  as  shown  in  Fig.  3,  the  system  output  will 
ideally  yield  the  local  vertical  component  of  vehicle  acceleration 
at  the  altimeter  measurement  site.  Double  integration  of  Eq.  5  with 
the  appropriate  scaling  will  ideally  yield  the  vehicle  vertical  mo¬ 
tion  as  a  function  of  time.  Subtracting  this  signal  from  the  alti¬ 
meter  output  signal  ideally  produces  the  desired  wave  profile.  How¬ 
ever,  when  we  consider  a  realistic  but  simple  model  of  an  acceler¬ 
ometer  as  shown  in  Eq.  6, 

A0  =  aQ  +  ai  h  =  z  ,  (6) 

and  consider  the  case  where  both  the  angles  0  and  <f>  are  zero  exactly, 
then  Eq.  5  becomes  simply 

Z  =  z  . 

Substituting  Eq.  6  for  Z,  the  equation  becomes 

Z  =  a0  +  *1  h  •  (7) 
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Double  integrating,  Eq.  7  becomes  Eq.  8: 


j jj"  Z  dt  dt  o  +  ai  h)  dtdt 

1ffh 


=  aQ  2  +  a. 


dtdt 


a0  " 


+  ajh(t) 


(8) 


Realistically  an  ^  0;  hence  the  desired  height  function  h(t)  is  cor- 
u  2 

rupted  by  the  error  a^t  / 2,  which  will  saturate  the  system  in  15  s 

if  a^  2  1  mg.  The  same  problem  of  "DC  offset"  can  be  caused  by  tilt, 

misalignment,  other  transducer  errors,  and  electronic  errors.  The 
double  integrator  can  be  designed  to  reject  these  DC  offset-type 
errors  and  still  yield  accurate  height  h(t)  over  the  frequency  range 
of  interest.  To  accomplish  DC  rejection  and  still  accomplish  double 
2 

integration  (1/S  )  at  higher  frequencies,  a  special  filter  is  re¬ 
quired.  To  achieve  DC  isolation,  a  high-pass  filter  (S/AS+1)  is  re¬ 
quired  prior  to  the  integration.  Also  a  low-pass  filter  (1/AS+l) 
becomes  an  integrator  for  signal  frequencies  well  above  the  filter 
corner  frequency  u(u  =  1/A).  Hence  the  minimum  signal  processor 
required  to  achieve  the  double  integration  is  shown  in  Eq.  9. 


-►  h(t) 


high-pass  filter  low-pass  filters 


(9) 


At  higher  frequencies  (u>  >  »  Eq.  9  reduces  to 


K 

K1  K7 

^  h  v  1  Z  . 

s2 

*  K  2 

(10) 


Further  consideration  of  both  actual  electronic  implementations  is 
discussed  in  the  detailed  electronic  design  section  of  this  report. 
Achieving  the  required  accuracy  over  the  frequency  range  from  0.05  Hz 
and  up  requires  that  each  low-pass  filter  be  isolated  by  high-pass 
filters  to  achieve  the  accuracy  and  bandwidth  desired. 
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The  resulting  filter  is  fifth  order  as  shown  in  the  follow¬ 
ing  diagram. 


high  low  high  low  high 

pass  pass  pass  pass  pass 


vT  c 

This  fifth-order  filter  - ^  (for  =  t„  =  ...  =  t-  and  with 

(tS+1)5  1  1  5 

2 

K  =  K^K^K^K^K^)  reduces  to  a  double  integration  (K/S  )  for  suffi¬ 
ciently  high  angular  signal  frequencies  w  compared  to  1/t.  The 
selection  of  the  to  be  used  in  the  filter  is  discussed  in  the 

detailed  electronic  design  section  and  in  Appendix  E. 
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5.  ERROR  ANALYSIS 


Equation  5  represents  the  exact  coordinate  transformation  from 
body  to  reference  coordinates.  Since  the  SES-100A  roll  and  pitch 
altitude  excursions  are  small  (typically  less  than  ±10°),  the  maxi¬ 
mum  error  in  assuming  cos  0  =  cos  f  =  1  in  the  system  is  shown  in 
the  detailed  electronic  design  section  to  be  about  3%  in  height. 

For  a  height  excursion  of,  for  example,  ±5  ft,  this  simplification 
results  in  an  error  of  ±0.15  ft.  Also,  if  we  consider  the  case 
where  the  x  and  y  axis  accelerometers  are  excluded  (i.e.,  a  single 
vertical  accelerometer)  and  implement  the  following  equation, 


Z  =  z  cos  6  cos  p, 


the  resulting  errors  for  angles  of  ±10°  are  3%  of  h.  For  this  ex¬ 
treme  case  of  ±10°  combined  with  height  excusions  of  5  ft,  there  is 
an  error  of  0.15  ft,  which  is  not  tolerable.  Another  algorithm  was 
found  by  the  authors  experimentally  when  the  cosine  terms  were  not 
included  but,  by  simple  gain  changes  (sin  0  [sin  6]/2,  sin  4>  -*■ 
[sin  p]/2,  the  accuracy  of  the  system  was  greatly  improved.  This 
simplified  coordinate  correction  is  shown  in  Fig.  4.  For  example, 
with  the  new  algorithm  the  system  maximum  errors  for  ±10°  excur¬ 
sion  of  0  or  t  are  shown  to  be  less  than  0.03%,  which  is  an  im¬ 
provement  of  135  over  the  other  case.  Now  the  maximum  error  in 
height  attributable  to  the  coordinate  transformation  simplification 
for  a  vehicle  height  excursion  of  ±5  ft  is  only  0.0015  ft,  which  is 
acceptable. 

ACCELEROMETER  ERROR  MODEL  ANALYSIS 


Typically,  an  accelerometer  model  is  given  by 

E0  =  a0  +  al  X1  +  a2X2  +  a3x3 

+  a^  AT  +  a^2  +  a^j^  +  '"  ,  (11) 

where  the  a^'s  are  the  sensitivity  coefficients  as  follows: 

Sq  =  zero  output  (volts), 

a^  =  scale  factor  (volts/input  unit  of  acceleration), 
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5.  ERROR  ANALYSIS 


Equation  5  represents  the  exact  coordinate  transformation  from 
body  to  reference  coordinates.  Since  the  SES-100A  roll  and  pitch 
altitude  excursions  are  small  (typically  less  than  ±10° ),  the  maxi¬ 
mum  error  in  assuming  cos  6  =  cos  =  1  in  the  system  is  shown  in 
the  detailed  electronic  design  section  to  be  about  3%  in  height. 

For  a  height  excursion  of,  for  example,  ±5  ft,  this  simplification 
results  in  an  error  of  ±0.15  ft.  Also,  if  we  consider  the  case 
where  the  x  and  y  axis  accelerometers  are  excluded  (i.e.,  a  single 
vertical  accelerometer)  and  implement  the  following  equation, 


Z  =  z  cos  9  cos 


the  resulting  errors  for  angles  of  j;10°  are  3%  of  h.  For  this  ex¬ 
treme  case  of  ±10°  combined  with  height  excusions  of  5  ft,  there  is 
an  error  of  0.15  ft,  which  is  not  tolerable.  Another  algorithm  was 
found  by  the  authors  experimentally  when  the  cosine  terms  were  not 
included  but,  by  simple  gain  changes  (sin  6  [sin  0]/2,  sin  -*• 
[sin  <f>]/2,  the  accuracy  of  the  system  was  greatly  improved.  This 
simplified  coordinate  correction  is  shown  in  Fig.  4.  For  example, 
with  the  new  algorithm  the  system  maximum  errors  for  ±10°  excur¬ 
sion  of  9  or  <t>  are  shown  to  be  less  than  0.03%,  which  is  an  im¬ 
provement  of  135  over  the  other  case.  Now  the  maximum  error  in 
height  attributable  to  the  coordinate  transformation  simplification 
for  a  vehicle  height  excursion  of  ±5  ft  is  only  0.0015  ft,  which  is 
acceptable. 

ACCELEROMETER  ERROR  MODEL  ANALYSIS 


Typically,  an  accelerometer  model  is  given  by 
E0  =  a0  +  ax  xL  +  a2x2  +  a3x3 

+  a^  AT  +  a^x^2  +  a^^y^  +  ,  (11) 

where  the  a^'s  are  the  sensitivity  coefficients  as  follows: 

Sq  =  zero  output  (volts), 

a^  =  scale  factor  (volts/input  unit  of  acceleration), 
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&2taLjj  =  cross-coupling  scale  factor, 

a^  =  zero  output  temperature  sensitivity, 

x^’s  =  three-body  acceleration  components,  and 

Eq  =  accelerometer  output. 


There  are  many  other  terms  in  the  accelerometer  error  model, 
but  our  past  experience  with  accelerometers  has  shown  that  the  other 
terms  are  insignificant  when  operating  in  a  shipboard  environment. 

Typically,  the  term  is  called  the  accelerometer  bias.  In 

this  system,  the  three  accelerometers  will  be  aligned  so  that  their 
input  axes  are  orthogonal  and  their  outputs  are  summed  with  the  -1  g 
bias  so  that  the  Z  result  will  be  exactly  zero.  The  a^  term  is  de¬ 
termined  for  a  particular  unit  by  tumble-testing  the  accelerometer 
in  the  laboratory.  This  test  is  described  in  the  following. 

The  accelerometer  scale  factor,  a^,  relates  the  output  in 

volts  in  response  to  acceleration  inputs  along  the  input  reference 
axis,  x^.  x^  is  usually  defined  mechanically  (to  some  accuracy 

specification)  to  several  case  reference  locations,  a^  is  found  by 

tumble-testing  the  accelerometer  in  the  laboratory.  The  tumble 
test  consists  of  tumbling  in  a  precisely  known  manner  the  acceler¬ 
ometer  input  axis  through  a  1  g  field  and  recording  the  response  to 
the  acceleration  inputs  at  discrete  levels  of  the  +  and  -1  g  accel¬ 
eration  input.  A  least-squares  polynomial  fit  to  the  data  then  de¬ 
termines  the  desired  coefficients  of  the  accelerometer  model.  For 
the  inertial  grade  accelerometer  such  as  the  Sundstrand  Q  Flex 
Model  QA  1200,  the  higher  order  terms  are  negligible  as  will  be 
shown  from  the  analysis  of  the  residuals  for  the  first-order  linear 
least-squares  fit.  The  tumble  test  is  also  used  to  determine  the 
exact  location  of  the  input  reference  axis.  Usually  a  computer  re¬ 
gression  analysis  is  applied  to  the  tumble  test  data  using  at  least 
36  data  points  to  determine  the  polynomial  coefficients  and  the  axis 
definition.  A  simpler  solution  in  determining  the  coefficients  and 
input  axes  alignments  is  possible  for  precision  accelerometers.  The 
simpler  technique  is  easily  done  using  desk  calculations.  The  data 
outputs  to  be  used  in  the  calculations  are  from  the  tumble  test. 
These  are  inputs  =  x^  and  output  of  acceleration  *  y^.  Linear  fit 

to  the  data  using  first-order  least-squares  fit  to  get  a^  and  b^ 

(y  =  a^  +  b^x)  is  possible  as  follows: 
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xi  =  g  sin  ei, 

0  =  tumble  angle  measured  from  some  reference  starting 

position  (usually  the  accelerometer  mounting  reference 
surface) , 

yi  =  accelerometer  output  in  volts  =  b  g  sin  6^, 

g  =  gravity, 

b  =  volts/g  (scale  factor),  and 

a  =  bias  (volts). 

The  accelerometer  output  tumble  data 

y  =  a  +  b  g  sin  0^  +  other  unknowns 


is  actually  a  periodical  function  in  0.  The  first  step  is  to 
"linearize"  the  data  by  substituting  xi  for  g  sin  0^ 

The  second  step  is  to  compute  by  the  method  of  least  squares 
the  first-order  coefficients  a^  and  b^  from  the  tumble  data  and 
then  compute 


yCi  =  ai  +  bi  xi 

where  x^  =  g  sin  6^  . 

Now  compute  the  residuals  to  get 


Now,  assuming  that  the  error  (residuals)  is  due  to  misalignment  of 
the  accelerometer  input  reference  axis  to  the  case  reference,  again 
compute  the  coefficients  of  the  linear  fit  to  the  residual  data. 

Now  these  coefficients  are  a 2  and  b2  for  the  fit 


where  x^'  -  g  cos  (=  x,,)  . 
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Now  from 


Y  =  x.^  +  a2  +  t>2  x 2 


and  substituting  for  x^  and  x^,  we  get 


Y  =  a1  +  a2  +  g  sin  9  +  b2  g  cos  9 


=  (a^  +  a2)  +  gyj b^2  +  b,,2  sin  (9  +  $) 


where 


-1  b2 

=  tan  —  is  the  misalignment  angle, 
D1 


(a^  +  a2)  =  bias,  and 


2  2 

+  b2  is  the  scale  factor. 


Finally,  to  ensure  that  the  accelerometer  error  model  has  no 
significant  higher  order  terms,  the  residuals  from  the  second  fit 
that  determined  the  quadrature  error  are  further  analyzed  to  ensure 

2 

that  the  higher  order  (x^  )  terms  are  small;  i.e., 

Y  =  a1  +  bj^  x1  +  a2  +  b2  x2 

+  C±  x^2  +  C2  x22  +  " '  ,  etc., 

Ci  2 

We  want  C^,  C2,  etc.  to  be  small  (r-  <  0.001  g/g  ).  Now  if  the 

higher  order  coefficients  are  small,  further  data  simplification 
is  possible.  Note  that  from  the  data  linear  model  equation 

Y1  «*  a1  +  b^^  g  sin  +  a2  +  b2  g  cos  9.^ 
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for  angles  0  =  0°,  90°,  180°,  and  270°,  and  for  g  =  1,  yielding 

Che  output  data: 


y270 


al  +  a2 
al  +  a2 
al  +  a2 


al  +  a2 


e 

e 

0 

0 


o 

180 

90 

270 


can  be  manipulated  as  follows  to  yield  the  coefficients  without 
using  a  least-squares  fit. 


y90  +  y270 
y0  ~  y180 
y90  "  y270 


2(a1  +  a2) 
2(a1  +  a2) 
2  (b  2  ) 

2(bx)  . 


twice  bias  =  2a 
twice  bias  *  2a 


Hence 

Y0  +  y180  +  y90  +  y270 
- - 4 - 

Y  -  Y 

90  270 

K  a  -- 
1  2 

Y  -  Y 

0  *180 

b2 - 2 

b  \A l  +  b22 

9  -  tan"1  ^ 


to  get  Y  *  a  +  b  x,  for  x  =  g  sin  (0  +  )  • 

Tumble  test  data  (36  points)  are  shown  in  Table  1  for  one 
of  the  three  Sundstrand  accelerometers  tested  to  show  the  values 
of  the  sensitivity  coefficients  of  the  accelerometer  model.  The 
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Table  1 

Tumble  test  data,  Sundstrand  Q  Flex  accelerometer, 
model  QA1200  AA08  SN210. 


el 

(deg) 

xi 

(g> 

Yi 

(V) 

0 

0 

+0.0077 

10 

0.173648 

+0.4419 

20 

0.342020 

+0.8629 

30 

0.5 

+1.2577 

40 

0.64278 

+1.6145 

50 

0.76604 

+1.9224 

60 

0.866025 

+2,1721 

70 

0.93969 

+2.3559 

80 

0.9848 

+2.4683 

90 

1.00 

+2.5060 

100 

0.9848 

+2.4677 

110 

0.93969 

2.3544 

120 

0.866025 

2.1966 

130 

0.76604 

1.9196 

140 

0.64278 

1.611 

150 

0.5 

1.2538 

160 

0.34202 

0.8586 

170 

0.173648 

0.4374 

180 

0.0 

0.0032 

190 

-0.173648 

-0.4308 

200 

-0.34202 

-0.8517 

210 

-0.5 

-1.2467 

223 

-0.64278 

-1.6036 

230 

-0.76604 

-1.9116 

240 

-0.866025 

-2.1613 

250 

-0.93969 

-2.3450 

260 

-0.9848 

-2.4573 

270 

-1.00 

-2.4947 

280 

-0.9848 

-2.  '*565 

290 

-0.9369 

-2.3434 

300 

-0.866025 

-2.1590 

310 

-0. 76604 

-1.9086 

320 

-0.64278 

-1.6000 

330 

-0.5 

-1.2428 

340 

-0.  34202 

-0.8475 

350 

-0.173648 

-0.4263 

360 

-0 

+0.0076 

Results: 


First  linear  fit 

Ti  ■  *1 +  bi  xi  •  *1 +  bi 8  *ln  ei 
a j  -  -0.005783  V 

bj  -  2.50084  V/g 

Second  linear  fit  on  residuals  of  first  fit 
Y2  -  «2  +  b2  x2  -  a2  +  b2  g  cos  0i 
a2  -  0.0001785  V 
b2  -  0.0019045  V/g 
Conblned  fit 

Y  -  a  +  b  x 

a  -  -0.0010347  V  -  40  ug 
b  -  2.5001861  V/g 

rtna  of  residuals  •  0.000095  V  •  3.2  ug 
-1  ^2 

♦  •  2.5  arc  ralnjdan  ) 
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results  show  that  the  first-order  least-squares  fit  gives 

a^  =  -0.005783  V  for  the  bias  and  =  2.50084  V/g  for  the  scale 

factor.  The  second-order  least-squares  fit  to  the  residuals  remain¬ 
ing  from  the  first  fit  yields  a2  =  0.0001785  V  and  b2  =  0.0019045  V/g. 

Hence  the  accelerometer  misalignment  to  its  reference  surface 
is  2.6  arc  min.  The  second-order  coefficients,  if  computed,  could 

2 

be  a  maximum  of  0.000285  V/g  ,  which  is  extremely  small  and  cannot 
have  any  effect  on  the  system.  The  maximum  equivalent  acceleration 

2 

squared  error  coefficient  would  be  w0. 0001  g/g  .  The  tumble  test 
data  were  taken  over  a  period  of  3  h  operation.  If  only  the  four 
position  data  were  used  for  the  coefficient  determination,  the  fol¬ 
lowing  will  result  compared  to  Table  1  results  from  the  least-squares 
fit  (in  parentheses). 


b 


1 


(ai+a2) 


b 


2 


e 


=  2.50035  (2.50084) 

=  0.00565  (0.00560) 

=  0.00225  (0.0019) 

=  Tan  1  2*50035  =  3.09  arc/min  (2.6) 


The  errors  in  the  simple  technique  compared  to  the  more 
exact  method  of  least-squares  fit  are  as  follows: 


SF  error  =  0.00049  V/g  =  0.02% 


Bias  error  =  0.00005  V  =  0.00012  g 
Alignment  error  =  0.5  arc  min^.Ol0 


Hence  for  the  typical  Sundstrand  QA  1200  accelerometer  the 
errors  in  calibration  and  alignment  using  the  four-position  data 
are  quite  insignificant. 
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GYRO  ERROR  MODEL  ANALYSIS 

Reference  4  describes  the  development  of  the  vertical  gyro 
model.  As  a  result  of  the  study,  the  vertical  gyro  erection  con¬ 
trol  electronics  used  on  the  SES-100A  required  modifications  to 
provide  for  the  ship's  maneuver  compensation.  This  compensation 
was  necessary  to  increase  the  operational  usage  of  the  wave  pro¬ 
filing  system  on  the  SES-100A. 

Systematically,  a  vertical  gyro  erects  to  the  total  acceler¬ 
ation  vector.  This  vector  is  assumed  to  be  the  gravity  vector 
(local  vertical).  However,  on  ships,  etc.,  the  vector  tilts  away 
from  the  local  vertical  by  an  amount  proportional  to  the  lateral 
acceleration  resulting  from  maneuvering.  The  tilt  angle  of  the 
local  vertical  is  given  to  first  order  in  Eq.  12: 

0  =  tan  1  ,  (12) 

A  o 

where 

0T  =  tilt  angle, 

a  =  magnitude  of  the  lateral  acceleration  component  per¬ 
pendicular  to  the  g  vector,  and 

g  =  magnitude  of  the  local  gravity  vector. 

Figure  5  shows  tilt  angles  as  functions  of  the  ship's  speed  and 
turning  rates.  Typically,  for  the  SES-100A  at  50  kt  and  for  a 
1.5°/s  turning  rate,  the  tilt  error  is  4°.  The  vertical  gyro  is 
designed  to  filter  the  effects  of  those  lateral  accelerations  that 
occur  at  the  higher  frequencies  due  to  the  ship's  natural  response 
to  the  sea.  However,  the  ship's  maneuvers  are  sustained  for  very 
long  periods  (very  low  frequencies)  and  hence  are  not  filtered.  To 
ensure  alignment  of  the  accelerometers  and  the  vertical  gyro  neces¬ 
sary  for  precise  vertical  motion  determination  in  the  wave  profiling 
system,  the  uncompensated  system  could  not  be  used  during  maneuvers, 
and  long  delays  would  have  been  required  after  maneuvers  to  allow 
the  vertical  gyro  to  reerect  to  the  undisturbed  g  vector. 

The  ship's  maneuver  compensation  signals  for  the  vertical 
gyro  are  derived  from  two  ship  reference  sensors:  the  ship's  speed 

log  (v  )  and  the  ship's  yaw  rate  (i)  gyro.  The  two  acceleration 
s 

•  • 

terms  vg  and  Vgi{i,  are  computed  in  the  Maneuver  Compensation  Unit  (MCU) 
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electronics  from  the  two  inputs.  The  computed  signals  are  used  as 
inputs  to  the  simulated  gyro  two-axis,  vertical  sensor  (two-axis 
electromagnetic  pendulum) .  These  simulated  pendulum  responses  to 
the  maneuver  accelerations  are  subtracted  from  the  actual  pendulum 
response  signals  to  ideally  cancel  the  maneuver  acceleration  influ¬ 
ence  at  its  source.  Hence  the  vertical  gyro  is  no  longer  sensitive 
to  maneuver-induced  accelerations.  This  addition  of  the  ship's 
maneuver  compensation  to  the  vertical  reference  system  provides  for 
accurate  gyro  performance  for  all  the  ship's  users. 

The  maneuver  acceleration  errors  now  have  been  reduced  to 
the  effect  of  the  error  in  the  ship's  speed  source,  the  error  in 
the  yaw  rate,  and  the  error  in  the  compensation  electronics.  With 
a  goal  of  <0.1°  of  error  in  the  roll  and  pitch  axis  alignment,  the 
steady-state  error  in  the  ship's  speed  can  be  as  large  as  ±5%. 
Doubling  these  errors  only  doubles  the  error  in  the  height  error 
from  0.05  to  0.1  ft. 


DISCUSSION  OF  SYSTEM  ERRORS 


The  vertical  motion  model  is  given  by 


h(t)  =//  h  dtdt  . 


=//h 


The  errors  then  are  errors  in  integration  or  error  in  h.  The 
errors  in  the  integration  are  discussed  in  the  detailed  electronics 

design  section.  The  exact  equation  for  h  is  as  shown  in  Eq.  14  when 

h  is  replaced  by  Z  from  Eq.  5. 

Z  =  -x  sin  0  +  y  sin  $  cos  0  +  z  cos  0  cos  <f>  .  (14) 

The  error  sources  then  are  in  the  mechanization  of  Eq.  (14),  where 

x  is  the  x  body  axis  accelerometer  output  in  response  to  the 
ship's  total  inputs, 

y  is  the  y  body  axis  accelerometer  output  in  response  to 
the  ship’s  total  inputs, 

z  is  the  z  body  axis  accelerometer  output  in  response  to 
the  ship '8  total  inputs, 
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sin  0  is  the  vertical  gyro  output  about  the  pitch  gimbal  in 
response  to  the  ship’s  inputs, 

sin  <f>  is  the  vertical  gyro  output  about  the  roll  gimbal  in 
response  to  the  ship's  inputs,  and 

cos  0  and  cos  tp  must  be  derived  from  sin  0,  sin  <j>,  respectively. 


However,  the  mechanization  used  in  the  system  as  given  in  Eq.  15 
from  Fig.  4  does  not;  require  computation  of  cos  0,  cos  $  or  the 
associated  multiplications. 


Z  = 


sin  8  ,  "  sin  d)  , 
—5—  +  y  — ^  +  z 


(15) 


The  accelerometers  and  the  vertical  gyro  have  bandwidths  well 
in  excess  of  the  ship's  natural  frequencies  or  the  resonance  fre¬ 
quencies;  hence  phase  delays  are  not  a  problem.  Height  errors  due 
to  phase  delay  in  the  electronics  are  considered  in  the  detailed 
electronic  design  section. 

The  sources  for  error  are  in  the  generation  of  these  five 

terms 


x 


sin  9 
2 


y 


sin  <j> 
2 


,  and  z 


» 


i.e.,  the  four  sensors  used  as  a  measure  of  x,  y,  z,  0,  and  <j>.  Ac¬ 
tually  the  problem  is  simply  the  error  in  the  three  terms, 

"  sin  0 

x  - 2~  ,  y  sin  $  ,  z  . 


The  accelerometer  model  is  shown  later  to  be  simply 
x  *  =  a^  +  b^  x  +  misalignment  term, 

y  =  Ey  =  a^  +  b£  y  +  misalignment  term, 

z  =  E^  =  a^  +  b^  z  +  misalignment  term. 

The  a^  terms  are  bias  terms  and  have  been  shown  by  actual  ac¬ 

celerometer  testing  to  be  very  stable  and  are  not  functions  of  time. 
Hence,  the  fifth-order  filter  that  does  the  double  integration  re¬ 
jects  these  terms.  The  b  terms  are  the  accelerometer  scale  factor 
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terms  that  relate  the  accelerometer  output  signal  to  the  input  ac¬ 
celeration  along  its  input  axis.  The  scale  factor  accuracy  and  sta¬ 
bility  are  determined  by  testing.  However,  the  accelerometer  scale 
factor  error  tolerance  is  determined  from  the  integral  equation: 

h(t)  =  JJ Z(t)  dtdt  . 

If 

Z(t)  =  (b  +  e)  Z(t)  , 

where  b  (the  exact  scale  factor)  and  e  (scale  factor  error)  are 
constants,  the  maximum  error  in  h  is  directly  proportional  to  the 
product  of  the  maximum  excursion  in  h  and  the  error  e.  The  maximum 
height  excursion  for  consideration  is  5  ft.  Hence,  the  maximum  er¬ 
ror  in  the  scale  factor  is  the  ratio  of  the  maximum  allowed  height 
error  divided  by  the  height  excursion  or  0.05/5  =  1%.  The  stabil¬ 
ity  and  linearity  of  the  accelerometer  chosen  for  this  system  are 
better  than  0.1%.  The  only  mechanization  problem  is  to  ensure 
that  b  is  set  to  better  than  1%  and  remains  stable.  This  is  true 
for  the  vertical  axis.  For  the  other  two  axes  where  the  outputs 
are  attenuated  by  the  roll  and  pitch  angles  and  the  maximum  input 
accelerations  are  about  10  times  lower,  the  scale  factor  error  can 
be  10  times  larger  or  greater  than  10%. 
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6.  SYSTEM  ALIGNMENT,  CALIBRATION,  AND  TESTING  IN  THE 
LABORATORY 


This  section  discusses  the  calibration  procedures  and  test 
sequences  used  during  the  system  test  and  calibration.  Also  dis¬ 
cussed  is  the  self-test  feature  of  the  electronics  system.  The 
reader  should  refer  to  Ref.  3  for  a  detailed  description  of  the 
hardware  and  its  operation.  The  vertical  gyro  testing  was  docu¬ 
mented  in  Ref.  4,  and  the  accelerometer  triad  assembly  and  detailed 
testing  are  discussed  in  several  other  sections  of  this  report.  The 
accelerometer  scaling  is  part  of  the  MCU  electronics  since  the  ac¬ 
celerometer  output  scaling  resistor  is  located  on  cards  //I  and  #8 
approximately  150  ft  (cable)  from  the  accelerometer.  The  microwave 
radar  altimeter  is  discussed  in  Refs.  1,  2,  and  11.  For  this  sys¬ 
tem  design  and  testing,  the  altimeter  interface  is  assumed  to  be  a 
gain  (200  MV/ft)  with  electronic  provisions  for  offset  and  gain 
adjustments.  No  attempts  were  made  in  the  electronic  design  to 
accommodate  altimeter  transfer  function  time  constants  and  other 
peculiarities  since  very  little  was  known  about  the  altimeters  at 
the  time  of  the  electronic  system  design.  The  sign  conventions 
for  all  system  interfaces  are  shown  in  Table  2.  The  system  is  de¬ 
signed  to  accommodate  two  independent  altimeter  inputs  at  the  same 
time.  A  front  panel  selector  switch  is  provided  for  selecting 
which  of  the  two  units  signals  will  be  used  by  the  wave  profiling 
system.  A  discussion  of  the  altimeter  selector  switch  and  altitude 
offset  adjustment  procedure  is  contained  in  Ref.  3. 

The  electronics  in  both  the  MCU  and  the  Gyro  Compensation 
Unit  (GCU)  are  built  as  22  cards,  of  which  17  are  different  designs 
(5  being  duplicates).  There  are  two  each  of  card  #2,  two  each  of 
card  // 8,  two  each  of  card  #6,  and  three  each  of  card  #5.  Each  of 
the  17  cards  is  also  spared  for  a  total  of  39  cards  delivered  with 
the  system.  The  schematics,  assembly  drawing,  and  photographs  for 
the  17  card  designs  are  contained  in  Appendix  A  (Figs.  Al-1  through 
A17-3).  The  design  details  for  the  electronics  are  contained  in 
the  detailed  electronic  design  section  of  this  report.  The  chassis 
drawings  show  the  card-to-card  wiring  connections  and  the  system 
interconnections  with  the  external  sensors  and  user  equipment. 

It  is  assumed  that  all  the  following  tests  are  conducted 
with  the  system  completely  interconnected  (except  for  disconnect¬ 
ing  the  DAS  cables  J2  and  J8)  unless  noted  otherwise,  and  that  the 
gyro  and  accelerometer  unit  are  aligned  and  mounted  on  an  indexing 
table.  All  cards  must  be  removed  except  for  card  #1  and  two  #8 
cards.  The  cards  are  inserted  into  the  system  (and  remain  in) 
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Table  2 

Conventions  for  MCU. 


V  =  Ship’s  speed  (+  forward) 

3 

ip  =  Yaw  rate  (+  turn  to  starboard) 

Vg  =  Forward  acceleration  (+  for  increasing  speed) 


y,y,y  =  Starboard  positive  }  ship's  deck  coordinates 


z,z,z  -  Down  positive 


) 


j  =  Local  horizontal  (+  forward)  \ 

(+  starboard) >  reference  coordinates 
Z  =  Vertical  (+  down)  * 


+  x  (forward) (bow) 

+  <l>  (roll)  (starboard  down) 


— ►  +  y  (starboard) 


+ * 

’  ’  +  z  (down) 


+  9  (bow  up) 
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only  as  they  are  sequentially  tested  in  the  following  steps.  Re¬ 
fer  to  the  chassis  layout  and  assembly  drawing  for  card  locations, 
etc.  Turn  on  the  MCU  and  GCU  and  check  the  voltage  using  the  front 
panel  selector  switches  and  meters. 


MCU  ALIGNMENT  AND  CALIBRATION 

1.  Card  #3  —  400  Hz  Reference  for  MCU  (A3-1,  A3-2,  A3-3) 

Set  input  (ship’s  supply  to  115  V  rms  -  400  Hz  and 
ensure  that  the  output  is  +8  VDC  ±0.08  VDC.  If 

not,  adjust  PI  on  card  it 3  until  the  E  voltage  is 

correct.  Also  ensure  that  E  is  as  specified  on 

R2 

Fig.  A3-1  (i.e.,  in  square  wave  at  400  Hz,  +4.1  V 
to  -0.6  V).  The  8  VDC  signal  is  used  to  isolate 
the  system  from  the  ship's  400  Hz  power  fluctuations. 

2.  Card  if 2  —  Normalized  Synchro  to  DC  Converters  (Figs. 
A2-1,  A2-2 ,  A2-3) 

This  card  provides  the  DC  output  signal  that  repre¬ 
sents  the  sine  of  the  pitch  angle  (0  ) ,  also  repre¬ 
sented  as  6  in  the  theory,  for  the  coordinate  con¬ 
verter  input.  This  circuit,  as  shown  in  Fig.  A2-1, 
first  demodulates  the  gyro  pitch  synchro  signal 
(S^/Sj) ,  then  normalizes  with  respect  to  the  ship's 

power  in  the  divider  circuit  and  puts  out  a  buffered 
DC  signal.  Using  a  scope  with  the  gyro  case  pitched 
up  exactly  5°  ±0.05°,  adjust  the  phase  of  En  via  PI 

U2 

on  card  #2  (pitch)  to  be  exactly  in  phase  with  the 
reference  400  Hz  supplied  at  the  ship's  input, 
which  is  pin  6  of  the  ship's  isolation  transformer 
(TI)  in  the  MCU.  Now  the  signals  at  E.  can  be 

3 

checked.  Read  E_  at  a  pitch  forward  up  of  5° 

3 

(En  S  2.69  V)  and  then  move  the  gyro  case  through 
3 

10°  to  forward  down  5®  to  read  En  5  -2.69.  The 

U3 

difference  should  be  5.38  VDC  ±0.005  VDC.  Rotate 
the  gyro  case  toward  zero  angle  (level)  by  monitor¬ 
ing  the  synchro  signal  (S^/S^)  at  on  a  SC0Pe  or 

rms  voltmeter.  When  the  signal  reaches  a  minimum, 
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the  gyro  is  considered  level.  If  the  case  level 
reference  is  not  level  to  <0.1°,  there  is  a  gyro 
problem.  E_  ,  En  ,  and  E_  should  each  be  zero  at 
u3  u4  U5 

this  case  attitude.  If  EQ  is  not  zero,  adjust  P2 
on  card  if 2  (pitch)  until  Eq  goes  to  zero.  Now 
swing  the  gyro  case  through  +5°  to  -5°  reading  E 

°6 

at  the  peaks.  The  difference  should  be  1.745  VDC 
±0.005  VDC  for  10°.  Adjust  P3  until  the  scaling 
requirement  ia  satisfied.  Repeat  this  step  for  the 
roll  axis  of  the  gyro,  which  is  roll  card  #2,  marked 
0R  or  $. 

3.  Card  #8  (Figs.  A8-1,  A8-2,  A8-3) 

The  two  cards  if8  provide  the  x  accelerometer  and  y 
accelerometer  scale  factor  control,  buffered  accel¬ 
erometer  outputs  to  DAS,  and  the  multiplication  of 
the  accelerometer  signal  and  the  associated  gyro 
angle  as  part  of  the  coordinate  transformation 
mechanization  as  follows: 


0  channel  y  sin  6 
2 


<t>  channel  x  sin  <t> 

2 

The  scaling  of  the  accelerometer  is  checked  for  each 
channel  by  a  ±1  g  two-position  tumble  about  each  axis 
where  the  difference  in  the  measured  values  at  pin  1 
on  card  if 8  must  be  5.000  VDC  ±0.0025  VDC.  The  DAS- 
buffered  output  will  be  saturated  for  these  ±1  g  in¬ 
puts.  To  check  the  DAS  outputs,  set  the  input  by 
repositioning  the  accelerometer  until  the  value  of 
pin  1  is,  for  example,  1  VDC.  The  DAS  output  should 
be  8X1  or  8  VDC  ±1%.  Ensure  that  only  the  five  cards 
(one  each  if 2,  two  each  if 3,  and  two  each  (/8)  are  in¬ 
serted  into  the  MCU.  Jumper  pins  6  to  7  on  card  if8 
allow  the  signal  to  flow  through  the  system.  Posi¬ 
tion  the  accelerometer  until  the  input  to  the  multi¬ 
plier  is,  for  example,  0.2179  VDC  (for  a  5°  angle). 
The  signal  input  for  that  card  at  the  Y  input  on  the 
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3 


multiplier  will  be  0.3112  VDC  for  a  5°  angle.  The 
output  will  be  the  product  of  these  two  values  di¬ 
vided  by  10  or  0.0678  VDC  ±1%.  Repeat  for  both 
cards  # 8.  Temporarily  allow  the  jumpers  to  remain 
on  the  cards  until  instructed  to  remove  them  later 
in  the  following  sequence  of  procedures. 

Card  #11  —  Ship's  Angular  Motion  Meter  Drive  (Figs. 
All-1,  All-2,  All-3) 

This  card  is  inserted  and  tested  here  in  the  se¬ 
quence  to  allow  for  accurate  positioning  of  the 
gyro  case  while  it  is  mounted  on  an  indexing  table. 
This  card  provides  the  drive  signal  to  the  gyro 
angle  display  meters.  Since  these  display  meters 
are  used  as  instruments  in  gyro  testing  for  the 
vertical  gyro  compensation  system,  they  should  be 
accurate.  The  two  input  signals  to  card  #11  are  DC 
voltages  proportional  to  the  sine  of  the  associated 
gyro  angle  (roll  or  pitch)  scaled  at  10  V/rad  or 
0.1745  V/deg.  The  meters  are  full  scale  for  ±2°. 

The  meter  drive  amplifier  (LM101AH)  saturates  at 
±13  V  or  ±2.6°,  hence  it  self-protects  the  meters 
from  excessive  overdrive.  To  set  the  angle  meters  to 
read  accurately,  move  the  gyro  through  the  range 
from  +2°  to  -2°  and  adjust  PI  (P2)  until  the  meter 
reads  accurately  (i.e.,  4°  ±0.04°)  for  each  axis 
separately. 

4.  Card  #1  (Figs.  Al-1,  Al-2,  Al-3) 

This  card  provides  the  electronics  as  shown  in  Fig. 
Al~l  necessary  to  provide  the  proper  scaling  for  the 

z  accelerometer,  the  DAS  buffering,  and  the  remainder 
of  the  coordinate  conversion  including  the  1  g  bias 

electronics.  The  z  accelerometer  scale  factor  test 
is  conducted  in  the  same  manner  as  for  cards  #8  in 
step  3,  except  that  the  DAS  scale  factor  is  0.5  V/g 

for  the  z  channel  instead  of  20  V/g  on  cards  #8.  Now 
provide  a  jumper  from  pin  1  to  pin  11  and  a  jumper 
from  pin  8  to  pin  9  on  board  #1,  With  the  system 
level  and  aligned  (i.e.,  the  accelerometer  triad 
aligned  to  the  vertical  gyro),  the  output  of  this 
coordinate  conversion  at  E  on  pin  17  of  card  # 1 

should  be  zero  if  the  system  is  sitting  on  a  nonac¬ 
celerating  base.  If  Ea  is  not  zero,  either  the 
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I 

I 

I 

I 

I 


system  is  not  level  or  aligned  or  something  has 
changed  and  adjustment  is  necessary.  Pot  PI  is 
provided  to  null  output  over  a  small  range.  The 
pot  resolution  is  approximately  0.5  mV  DC.  Hence 
the  null  at  E  is  0  +0.5  mV.  Signal  E  is  the  ve- 

3  3 

hide  vertical  acceleration  that  results  from  the 
coordinate  transformation  of  the  three-body  axis 
acceleration  signals  to  the  local  vertical  axis  as 
defined  by  the  vertical  gyro.  Included  here  for 
reference  purposes  are  the  data  obtained  during  a 
precision  laboratory  test  of  this  portion  of  the 
system.  The  vertical  gyro  and  Bow  Accelerometer 
Unit  (BAU)  were  aligned  and  leveled  on  a  precision 
two-axis  Leitz  indexing  table  that  provided  for 
static  positioning  of  roll  and  pitch  attitudes  in¬ 


dependently  and  combined.  The  output  E  (h)  was 

3 

recorded  using  a  Data  Precision  digital  voltmeter 
for  each  attitude  up  to  the  maximum  attitude  for 
which  the  system  electronics  was  designed  (±13°). 

.  y  sin  A 

The  sensor  signals  x,  y,  z,  sin  <$> ,  sin  <|>,  — ~ — 


-  ■ 2  — °  were  also  recorded  to  ensure  each  was  rep¬ 
resentative  of  its  theoretical  equivalent.  Table  3 
contains  the  measured  data.  A  simple,  quick  analysis 
of  the  table  is  achieved  by  knowing  that  for  all 

static  attitudes  E  must  be  zero.  The  error  in  E 
a  a 

for  all  combinations  of  angles  up  to  ±13°  was  a 

maximum  of  1  mV  DC  (0.016  it  I  s'  or  1  part  in  2000). 
This  table  presents  the  actual  measured  data  that 
demonstrate  that  this  simplified  coordinate  trans¬ 
formation  algorithm,  when  used  on  the  SES  (in  maxi¬ 
mum  attitude  of  ±6°),  is  almost  exact;  i.e.,  the 


static  error  in  determining  h  is  less  than  0.01%. 
Hence  the  vehicle  vertical  acceleration  as  output 
by  this  system  could  be  used  as  a  very  accurate  mea¬ 
sure  of  vehicle  bow  vertical  acceleration  response 
to  the  sea.  A  simple  check  of  the  coordinate  con¬ 
version  system  can  be  made  if  one  aligns  the  gyro 
and  accelerometer  to  each  other  in  a  block  in  the 
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Table  3 

System  coordinate  transformation  test  data. 


Input 

Accelerometer  Outputs 

Gyro  Output 

Products 

Z 

Output** 

Attitude 

X 

y 

z 

sin  0 

sin  v 

x  sin  6 

y  stnt. 

h 

(deg) 

(V) 

(V) 

<v) 

(V) 

(V) 

2 

(V) 

2 

(V) 

(V) 

Pitch 

Roll 

0 

0 

-0.00079 

0.0056 

-2.5057 

-0.002 

-0.006 

-0.00038 

-0.0007 

-0.00015 

-1 

(forward 

down) 

0 

-0.0443 

0.00557 

-2.5052 

0.0834 

-0.0053 

-0.00067 

0.0008 

±0.00001 

-2 

(forward 

down) 

0 

-0.0881 

0.0056 

-2.5043 

0.1707 

-0.0049 

-0.00190 

-0.00082 

±0.00001 

-4 

(forward 

down) 

0 

-0.17509 

0.0055 

-2.4995 

0.3483 

-0.0072 

-0.0065 

-0.00088 

±0.00001 

-6 

(forward 

down) 

0 

-0.26199 

0.0055 

-2.4918 

0.5251 

-0.01 

-0.0142 

-0.00091 

0.00008 

1 

(forward 

up) 

0 

0.04275 

0.00578 

-2.5053 

-0.08895 

-0.0077 

-0.0008 

-0.0009 

0.00005 

2 

(forward 

up) 

0 

0.08635 

0.00578 

-2.5042 

-0.179 

-0.0071 

-0.00205 

-0.00091 

0.0001 

4 

(forward 

up) 

0 

0.17349 

0.00578 

-2.4995 

-0.3546 

-0.0044 

-0.00683 

-0.00091 

0.00027 

6 

(forward 

up) 

0 

0.2603 

0.00590 

-2.4919 

-0.5312 

-0.00185 

-0.01462 

-0.00085 

0.0004 

0 

-1 

(starboard 

up) 

-0.00082 

0.0479 

-2.5052 

0.004 

-0.0886 

-0.00036 

-0.0014 

0.0001 

0 

-2 

(starboard 

up) 

-0.00082 

0.0917 

-2.5042 

0.0033 

-0.17717 

-0.0004 

-0.0028 

0.00015 

0 

-4 

(starboard 

up) 

-0.00082 

0.17921 

-2.4995 

0.0033 

-0.357 

-0.0004 

-0.0076 

0.00043 

0 

-6 

(starboard 

up) 

-0.00289 

0.2666 

-2.4919 

-0.003 

-0.529 

_ 

_ 

0.00059 

0 

~  i 

(starboard 

down)* 

-0.00086 

+0.0058 

-0.0016 

0.001 

_ 

0.00001 

0 

7  * 

(starboard 

down)* 

-0.00085 

-0.1653 

-2.4999 

- 

0.33991 

- 

_ 

0.00001 

-4 

—  4 

(starboard 

down)* 

-0.1749 

0.1805 

-2.4934 

0.3488 

-0.3592 

-0.0065 

-0.0078 

0.00055 

+4 

-  4 

(starboard 

down)* 

-0.17295 

0.1808 

-2.4934 

-0.3556 

-0.3573 

-0.0068 

-0.007? 

0.00079 

+4 

(starboard 

down)* 

0.1730 

-0.1647 

-2.4937 

-0. 3570 

0.3392 

-0.0069 

-0.0067 

0.00039 

-4 

(starboard 

down)* 

-0.1748 

-0.1649 

-2.4939 

0.3407 

0.3365 

-0.0064 

-0.0065 

±0.00005 

-6 

^  6 

(starboard 

down)* 

- 

_ 

- 

_ 

_ 

0.00086 

-13 

=*6 

(starboard 

down)* 

- 

_ 

- 

_ 

_ 

_ 

-0.00092 

0 

~13 

(starboard 

down)* 

- 

- 

- 

- 

- 

-0.001 

14 

~  6 

(starboard 

down)* 

- 

- 

- 

_ 

-0.002 

-14 

—  6 

(starboard 

down)* 

- 

- 

- 

- 

— 

- 

- 

-0.002 

*  Large  roll  attitudes  not  Input  accurately  due  to  Leitz  head  readout  accuracy  (^±0.05a) 

**  1  g  bias  set  to  +2.507  VDC 
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laboratory  and  monitors  h  for  gross  attitudes  (<13°) 
of  the  system  without  actually  measuring  the  input 

angles.  The  h  output  should  be  well  within  ±0.015  V 
| fsl %  error).  If  something  has  changed  significantly 
in  the  system,  a  closer  look  would  be  necessary. 

5.  Insert  cards  //4  and  #9  and  ensure  that  J2  and  J8  cables 
are  disconnected 

Refer  to  Figs.  A9-1  and  A4-1  for  card  #9  and  card 
#4,  respectively.  The  two  independent  altimeter 
signal  input  conditioning  circuits  are  on  card  § 9, 
and  the  selected  altimeter  signal  filtering  is  done 
via  card  #4.  Card  #9  has  been  set  up  for  a  0.00 
VDC  offset  from  each  altimeter  and  a  scale  factor 
of  200  mV/ft.  The  offset  adjust  is  provided  as  a 
switch  on  the  back  panel  of  the  MCU  in  5  ft  equiva¬ 
lent  height  steps  to  25  ft  of  height  and  a  contin¬ 
uous  adjustment  on  the  chassis  from  0  to  5  ft.  The 
two  channels'  25  ft  offset  adjustments  are  not  in¬ 
dependently  switched.  If  this  height  offset  switch 
is  used  to  set  in  an  offset  greater  than  5  ft  but 
not  the  same  for  both  channels,  the  switch  must  be 
repositioned  to  the  correct  value  each  time  you  re¬ 
select  an  altimeter  channel.  Also,  if  the  altim¬ 
eter  gain  is  different  from  200  mV/ft  by  75%,  the 
resistor  R^  (R^')  must  be  changed  to  accommodate  the 

scale  factor  change.  (E^')  on  car^  #9  is  1.25  * 

E^  (E^');  hence  a  10  ft  equivalent  altitude  input 
change  (A  of  2  V)  yields  a  change  at  E^  (E^ ') 
of  2.5  VDC.  If  not,  adjust  (P^')  for  the  re¬ 
spective  channel  until  a  10  ft  change  yields  a 
2.5  V  change  at  E^^  (Eq^')*  ^ote  that  this  system 

does  not  allow  for  negative  inputs  from  the  altim¬ 
eter  without  circuit  modifications.  Card  // 4  is  the 
low-pass  filter  to  output  the  mean  height  h^  and  a 

high-pass  filter  to  remove  h^  from  the  altimeter 

signal  (h.  and  h  and  h  )  to  yield  the  h  -  h  out- 
0  v  w  vw 

put  into  the  ship's  motion  compensation  summing 
amplifier.  The  "reset"  relays  will  not  be  ener¬ 
gized,  so  to  check  the  DC  gain  of  the  two  filters 
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apply  a  250  mVDC  input  at  the  common  point  (junc¬ 
tion  of  the  5.11  MO,  IK,  and  2.49  Mf2  resistor)  and 
observe  that  the  outputs  E^  and  settle  to 

340  mV  ±6  mV  and  500  mV  ±10  mV,  respectively.  Re¬ 
move  card  it 9  and  apply  an  oscillatory  input  at  pin  1 
on  card  #4  at  20  Hz  and  check  the  gains  E^/E^  to  be 

-1.359  ±0.002  to  ensure  the  dynamic  response  of  the 
filter.  The  signal  at  EQ2  should  be  zero  steady  state 

during  this  test.  Remove  the  signal  and  reinsert 
card  #9 . 

6.  Card  it  10  —  MCU  Reset  Timing  and  Control 

Card  it  10  gives  the  timing  circuits  that  provide  for 
a  delayed  power-on  reset  of  the  system  or  for  a  com¬ 
mand  reset  function  either  activated  by  the  operator 
in  DAS  via  the  MCU  front  panel  or  via  the  CDU  reset 
button  in  the  cockpit.  Also  provided  for  test  con¬ 
venience  are  two  reset  defeat  buttons  inside  the  MCU 
chassis  to  allow  switching  back  to  normal  operation 
without  waiting  for  the  usual  reset  delay.  The  re¬ 
set  function  is  actually  two  timed  sequences.  First, 
it  removes  all  signals  from  the  input  to  the  inte¬ 
grators,  provides  shorts  for  discharging  the  inte- 
gators,  disconnects  the  outputs,  and  provides  zero 
outputs  for  30  s.  After  30  s,  the  reset  function  re¬ 
moves  the  integrator  shorts  and  allows  signals  into 
the  integrators  but  does  not  connect  the  output  until 
»150  s  have  elapsed.  Then  the  system  switches  back 
to  normal  operation.  The  reset  signal  affects  re¬ 
lays  on  boards  Nos.  10,  5,  6,  7,  and  4  and  display 
lamps  on  the  MCU  and  CDU.  There  are  no  adjustments 
on  the  card.  To  change  the  timing,  refer  to  the  de¬ 
tailed  electronics  design  section. 

7.  Card  1t5  —  MCU  High-Pass  Filter 
Card  #6  —  MCU  Low-Pass  Filter 

The  electronic  schematics  for  cards  it 5  and  it 6  are 
shown  in  Figs.  A5-1  and  A6-1,  respectively.  Card  it 5 
is  a  high-pass  filter  and  card  it 6  is  a  low-pass  fil¬ 
ter.  Three  each  of  card  it 5  and  two  each  of  card  it 6, 
staggered,  make  up  the  fifth-order  filter,  which 
does  the  double  integration  of  the  vehicle  vertical 
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acceleration  signal  to  yield  vehicle  height.  There 
are  no  adjustments  on  these  cards  since  each  of  the 
parts  that  affect  the  time  constant  of  the  filter  is 
selected  and  matched  and  the  system  dynamic  gains 
are  adjusted  on  card  #7.  An  operational  check  of 
the  Philbrick  model  1701  operational  amplifier  can 
be  made  by  selecting  reset,  removing  the  BAU  cable 
at  Jl,  and  removing  card  #1  to  allow  inputting  a 
signal  at  pin  1  on  card  5.  In  reset,  the  OA  DC  gain 
is  unity;  hence  the  output  on  pin  16  will  be  the  neg¬ 
ative  of  the  input  value.  The  output  of  the  second 
stage  of  the  filter  card  #6  on  pin  16  will  be  **1/80 
of  the  input  value.  To  check  the  next  two  stages  for 
functional  operation,  remove  card  #6  (second-stage 
filter)  and  input  a  signal  on  pin  1  of  the  third  fil¬ 
ter  (card  #5)  and  repeat  the  above.  However,  observe 
that  the  output  of  the  fifth  filter  is  the  negative 
of  the  fourth  stage  when  in  reset.  This  completes 
the  functional  check  of  the  five  #5  and  #6  cards. 

Now  ensure  that  all  cables  are  connected  and  all 
cards  are  inserted  except  card  #7. 

8.  Card  #7  —  MCU  System  Output  Signal  Conditioner  and  rms 
Converter 

Card  #7  (Figs.  A7-1,  A7-2,  A7-3)  contains  the  summing 
amplifier  that  sums  the  vehicle  motion  -hv  with  the 

filtered  altimeter  signal  (hv  +  h^)  to  yield  h^,  the 

wave  profile.  It  also  contains  output  buffer  ampli¬ 
fiers  for  outputting  h  and  h„  and  the  h  rms.  The 

summing  amplifier  on  card  #7  is  used  to  adjust  the 

system  gain  from  h  through  the  five-stage  filter  to 
the  output  hv  since  no  variable  gain  adjustments  were 

possible  at  each  stage  of  the  five-stage  filter.  Set¬ 
ting  up  card  #7  is  accomplished  by  first  adjusting 
Pot  PI  to  yield  equal  weighting  of  the  vehicle  motion 
signal  hv  and  the  altimeter  channel  signal  (h^  +  h^) 

so  that,  when  hw  is  zero  (no  wave  motion),  the  output 

of  the  summing  amplifier  is  zero  when  -h  +  (h^  +  h^)  = 

0  over  the  frequency  range  of  interest.  Then  the 
gains  are  adjusted  by  P2  and  P3  to  yield  the  correct 
output  scaling.  Since  these  signals  are  AC  and  not 
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I 

F 

DC,  several  special  test  circuits,  as  shown  in  Figs.  I 

and  7,  are  required  to  aid  in  setting  these  gains. 

To  begin,  remove  the  BAU  cable  at  J1  on  MCU.  Re¬ 
move  the  two  II 8  cards.  Set  up  according  to  Fig.  6. 

Ground  the  terminals  shown  grounded  in  Fig.  6.  Set 
up  the  test  circuit  as  shown  and  apply  the  1  Hz 
(±0.001  Hz)  input  signal.  The  input  amplitude  is 
not  that  important;  however,  set  it  to  at  least 
0.2  V  and  observe  the  system  output  on  a  sensitive 
scope.  After  all  settles  out  to  steady  state  (sev¬ 
eral  minutes),  adjust  PI  until  the  amplitude  of  the 
1  Hz  output  signal  reaches  a  minimum  (not  necessar¬ 
ily  zero).  This  completes  the  PI  adjustment.  Now 
ground  pin  1  on  card  #9  and  set  up  according  to 

Fig.  7.  With  E(z)  set  to  zero,  observe  that  H^rms 

at  CD U  display  goes  to  zero.  If  not,  adjust  P4  (on 
card  #7)  until  the  digit  display  reads  zero.  Now 

apply  E(z)  =  3.065  V  peak  at  1  Hz  and  observe  on 

a  sensitive  oscilloscope.  After  E^  settles  to  a 

steady-state  amplitude,  adjust  P2  until  E^  reaches 

a  minimum  amplitude  at  1  Hz.  Now  observe  that  the 
CDU  digital  display  reads  0.707  ±0.01  steady  state. 

Now  remove  the  special  connection  from  pin  22  on 

card  #7  and  connect  to  pin  20;  with  E(z)  set  to  at 
least  3.065  V  peak  at  1  Hz  adjust  P^  until  EQ  reaches 

a  minimum  amplitude  at  1  Hz.  Next  ground  E(z)  input 
and  remove  the  ground  at  card  It 9  pin  1  and  apply  a 
known  DC  voltage.  After  several  minutes,  observe 
that  E^  on  card  #7  settles  to  2.5  ±0.1%  times  the 

DC  input  level.  This  completes  the  final  system 
adjustments  with  the  exception  of  the  self-test. 

9.  Self-Test 

The  signal  source  for  the  self-test  circuitry  is  con¬ 
tained  on  card  #17  in  the  GCU— MCU  system  test  ref¬ 
erence  generator.  The  schematic  for  this  circuitry 
is  shown  in  Fig.  A17-1.  E^^  is  a  4  V  amplitude  sig¬ 

nal  at  2  Hz.  Eq^  is  -6.045  VDC  reference  voltage. 

Eq4  V  peak-to-peak  at  2  Hz.  Eq^  is  input  to 
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simulate  the  two  gyro  sine  9,  $  inputs  at  the  multi¬ 
pliers.  Eq2  is  the  DC  input  at  x,  y  input  points  at 
the  multipliers  simulating  accelerometer  inputs. 

E„,  is  the  equivalent  altimeter  input  signal.  The 
04 

system  output  at  the  CDU  digital  display  for  E^ 

and  Eq^  inputs  is  0.138.  The  output  for  E^^  is 

1.138.  Combined,  the  CDU  digital  display  reads 
1.000.  If  the  system  has  just  been  calibrated,  the 
self-test  circuitry  may  need  adjustment  if  the  CDU 
on  self-test  does  not  read  1.000  +0.05.  Adjust  PI 
for  Eq^  to  read  0.0  V  peak-to-peak  of  2  Hz.  Adjust 

P2  for  E^  to  read  0.82  V  peak-to-peak  at  2  Hz. 

There  is  no  variable  adjustment  for  Eq^*  Operate 

self-test  and  then  make  the  final  adjustment  to  get 
1.000  on  the  CDU  using  P2  on  card  #17. 


GCU  ALIGNMENT  AND  CALIBRATION 

This  section  discusses  the  sequence  of  operations  necessary 
to  align  and  calibrate  the  GCU.  It  is  assumed  that  the  personnel 
are  familiar  with  the  system  and  are  expert  at  testing  electronics; 
the  procedural  details  for  each  operation  are  not  included  here. 

A  detailed  discussion  of  the  theory  and  operation  of  the  vertical 
gyro  is  contained  in  Ref.  4.  Figure  B3-1  shows  the  gyro  compen¬ 
sation  system  signal  flow,  and  Figs.  B3-2  through  B3-4  are  the 
photographs  of  the  system  as  delivered.  The  electronics  for  the 
GCU  are  contained  on  cards  #12,  #13,  #14,  #15,  and  #16.  The  as¬ 
sociated  schematics,  assembly  drawings,  and  card  photographs  are 
contained  in  Figs.  A12-1  through  A16-3.  The  system  should  be 
completely  interconnected  and  the  GCU  cards  should  be  inserted. 
Place  the  system  in  normal  operation. 


1.  Card  #12  -  GCU  400  Hz  Reference  (Fig.  A12-1,  A12-2, 
A12-3) 

Card  #12  contains  the  phase  shift  electronics  for 
the  400  Hz  signals  that  are  used  in  the  simulated 
pendulum  circuits.  The  phase  difference  is  deter¬ 
mined  by  comparing  the  actual  pendulum  signal  when 
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tilted  at  about  0.5°  with  the  400  Hz  reference 
signal  on  an  oscilloscope  and  is  adjusted  to  zero 
by  potentiometer  PI.  The  pendulum  is  tilted  by 
using  the  special  test  switches  on  the  front  of 
the  GCU.  After  the  reference  phase  is  correct, 
ensure  that  the  ship's  input  is  exactly  115  V  rms 
and  adjust  P2  until  the  output  at  pin  17  on 

card  #12  is  7.07  V  rms  ±1%. 

2.  Card  #13  —  GCU  V  and  i#  Signal  Conditioner 

s 

Card  #13  contains  the  buffers  for  accepting  the 
ship's  speed  (V  )  and  yaw  rate  (i#)  from  DAS  and 

generates  the  roll  channel  equivalent  acceleration 
signal  Vgi#.  Disconnect  the  DAS  cable  J8  from  the 

system  and  ground  pins  1  and  6  on  card  #13.  Ad¬ 
just  PI  until  EQ1  is  zero.  Adjust  P3  until  E^ 

is  zero.  Now  adjust  P5  until  P5  is  zero  ±0.005  VDC. 
Input  a  2  VDC  ±0.002  VDC  signal  at  pins  1  and  6. 
Adjust  P2  until  EQ2  is  -2  VDC  ±0.002  VDC.  Adjust 

P4  until  is  2  VDC  ±0.002  VDC.  Now  E_.  should 
03  04 

be  -0.4  VDC  ±0.004  VDC.  Reverse  the  polarity  of 

the  2  VDC  input  and  ensure  that  the  voltage  is 

-2  VDC  ±0.002  VDC  and  observe  that  the  output  E^ 

is  -0.4  VDC  ±0.004  VDC.  Remove  the  input  signal 
and  ground  pins  1  and  6  on  card  #13. 

3.  Card  #14  —  GCU  Gyro  Pendulum  Simulator 

This  roll  channel  card  accepts  simulated  acceler¬ 
ation  input  signals  representing  lateral  acceler¬ 
ation  (Vgijj)  •  The  card  provides  the  selection  of 

the  simulated  gyro  pendulum  time  constant  and  pro¬ 
vides  the  nonlinear  gain  characteristics  of  the 
simulated  pendulum  electromagnetic  pickoff.  The 
time  constant  select  switch  is  mounted  inside  the 
chassis  and  must  be  manually  switched  to  the  time 
corresponding  to  the  gyro  in  use  on  the  SES.  Two 
time  constants  are  available,  8  s  and  27  s,  as 
determined  by  the  0.8  pF  and  2.7  yF  capacitors  on 
the  card.  For  any  other  gyro  pendulum  time  con¬ 
stant,  these  values  must  be  changed  accordingly. 
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This  card  variable  gain  adjustment  (P  )  is  accom¬ 
plished  on  a  system  basis  later  in  step  5.  The 
nonlinear  characteristics  of  the  card  # 14  output 
amplifier  should  be  tested  over  a  range  of  input 
voltages  in  an  attempt  to  match  the  gyro  pendulum 
nonlinear  characteristics.  The  system  test  push¬ 
buttons  on  the  front  panel  in  conjunction  with 

test  and  adjust  for  one  point  on  the  curve  (i.e., 
±0.5°).  The  gyro  pendulum  was  tested  in  the  lab¬ 
oratory  to  determine  the  nonlinear  gain  character¬ 
istics  using  electronics  similar  to  the  GCU.  The 
data  from  those  laboratory  tests  are  contained  in 
Ref.  4. 

4.  Card  #15  —  GCU  Gyro  Pendulum  Simulator,  Pitch  Channel 
(Figs.  A15-1,  A15-2 ,  A15-3) 

Card  #15  accepts  inputs  of  the  ship's  speed  (V  ) 

and  generates  (V  )  by  differentiating.  A(+)  V  rep- 
s  s 

resents  forward  acceleration  of  the  vehicle.  The  cir¬ 
cuitry  (other  than  the  differentiation)  on  card  #15 
achieves  the  same  function  as  that  on  card  #14  ex¬ 
cept  that  it  is  the  pitch  channel  rather  than  the 
roll  channel.  The  same  general  discussion  applies 
except  for  the  signal  levels,  etc.  The  simulated 
pendulum  time  constants  were  selected  by  the  chassis 
mounted  switch  in  step  3. 

5.  Card  #16  —  GCU  Simulated  Pendulum  400  Hz  Modulator  and 
Maneuver  Compensation  Amplifier  (Figs.  A16-1,  A16-2, 
A16-3) 

Card  #16  provides  the  electronics  that  converts  the 
roll  and  pitch  channel  simulated  pendulum  response 
signals  to  400  Hz  AC  signals  and  then  appropriately 
sums  them  with  the  actual  pendulum  400  Hz  signals 
to  provide  for  the  ship's  maneuver  compensation. 

The  card  also  contains  a  400  Hz  demodulator  that, 
via  the  front  panel  selector  switch,  demodulates 
selected  signals  from  each  channel  for  display  on 
the  GCU  front  panel  meter  (tilt  angle  meter) .  The 
signals  displayed  from  each  of  the  roll  and  pitch 
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channels  are  actual  pendulum  angle,  computed  pen¬ 
dulum  response,  and  the  sum  of  these  (error  sig¬ 
nal).  The  card  also  provides  for  the  gyro  compen¬ 
sation  bypass  mode  of  operation.  This  is  accom¬ 
plished  by  a  set  of  normally  closed  relay  contacts 
that,  when  unenergized,  return  the  gyro  pendulum 
signals  to  the  gyro  erection  amplifier  unaltered. 

This  bypass  relay  can  be  controlled  from  the  GCU 
front  panel  or  from  the  CDU  in  the  cockpit.  To 
test  and  calibrate  card  #16,  its  electrical  zero 
must  be  set.  Remove  cards  #14  and  #15  and  select 
gyro  bypass  mode  of  operation.  Ground  pins  1  and 
2  on  card  #16.  Observe  E^  and  E^  on  an  oscil¬ 
loscope  and  adjust  P3  and  P2,  respectively,  until 

E  „  and  E„.  reach  a  minimum  level.  Now  select 
03  04 

the  roll  channel  on  the  tilt  angle  meter  select 
switch  and  observe  that  for  the  computed  pendulum 
the  position  of  the  function  select  switch  re¬ 
sults  in  the  meter  reading  zero.  If  not,  adjust 
P3  until  the  meter  reads  zero.  Repeat  for  pitch 
channel  and  potentiometer  P2.  PI  on  card  #16  sets 
the  display  meter  sensitivity.  However,  this  is 
set  in  combination  with  the  variable  gain  adjust¬ 
ments  on  cards  14  and  15.  The  test  input  signals 
at  pin  8  and  each  card  #14  and  #15  exactly  repre¬ 
sent  an  equivalent  acceleration  tilt  angle  (0.5°) 
voltage  at  each  summing  amplifier.  Hence  by  in¬ 
serting  the  test  voltage  when  the  system  is  oper¬ 
ating  correctly,  the  gyro  will  precess  to  0.5°  as 
indicated  on  the  front  panel  of  the  ship's  angle 
indicator  and  the  pendulum  angle  will  be  0.5°. 

To  set  the  system  gain,  remove  all  grounds  from 

the  GCU  cards  except  V  and  4*  input  signal  grounds 

s 

on  card  #13  and  assure  that  the  DAS  cable  J8  is 
still  not  connected.  Press  the  test  switch  for 
the  roll  chanel  on  the  GCU  front  panel  and  hold. 

The  gyro  angle  should  read  about  +0.5°.  Switch  to 
the  opposite  polarity  and  the  final  gyro  angle  should 
go  to  about  -0.5°.  The  difference  in  the  two  posi¬ 
tions  should  be  1.0°.  If  not,  then  the  variable  gain 
adjust  potentiometer  PI  on  card  #14  must  be  changed 
until  the  condition  of  1°  is  satisfied  to  ±0.05°. 

Now  check  that  the  actual  pendulum  angle  indicated 
is  correct  (0.5  ±0.05°)  on  the  GCU  front  panel  by 
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pressing  to  test  and  holding  until  steady  state  and 
observing  the  actual  pendulum  output  indicated  on 
tilt  angle  meter  when  the  tilt  angle  selector  switch 
is  in  the  "roll  pendulum"  position.  If  not,  adjust 
potentiometer  PI  on  card  #16  until  the  condition  is 
satisfied.  Repeat  this  procedure  for  the  pitch  chan¬ 
nel.  The  calibration  of  the  actual  gyro  pendulum 
can  be  done  with  equivalent  static  inputs  at  pin  1 
representing  yaw  rate  (iji)  and  dynamic  inputs  at  pin  6 

representing  the  ship's  speed  (V  )  to  yield  V  and 

s  s 

V  iji  over  the  range  of  interest.  Compute  the  equiva¬ 
lent  angle  Vg/g  and  V^/g.  Observe  the  steady-state 

gyro  angle  response  on  the  ship's  angle  readout 
meter  on  the  MCTJ.  The  angle  response  should  agree 
to  the  equivalent  input  to  better  than  0.05°.  The 
gyro  angle  meters  are  good  to  2°  maximum.  The  ex¬ 
ample  is  as  follows: 

Acceleration  of  the  gyro  case  forward  causes  the  gyro 

pendulum  meter  to  indicate  a  positive # pendulum  angle. 

Insert  the  ship's  speed,  V  ,  so  that  V  is  +10  kt/min, 

s  s 

accelerating  forward.  In  steady  state,  the  gyro  pitch 
angle  indicated  is  -0.49°,  the  pitch  pendulum  indi¬ 
cated  is  positive  0,49°,  and  the  computed  (simulated) 
pendulum  signal  indicated  is  -0.49°.  With  no  compen¬ 
sation,  the  response  to  forward  acceleration  is  for 
the  pendulum  to  tilt  back  from  down,  which,  due  to 
the  closed  erection  loop,  torques  the  gyro  spin  axis 
to  follow.  Thus  the  gyro  response  to  forward  accel¬ 
eration  is  for  a  pitch  angle  readout  of  positive  pitch 
angle  as  if  the  ship  had  pitched  forward  up.  The  op¬ 
posite  case  with  no  real  acceleration  input,  a  forward 
acceleration  (V  )  input  to  the  compensation  system, 

will  cause  the  opposite  effect;  i.e.,  the  indicated 
gyro  pitch  angle  will  be  negative  as  if  the  ship  had 
pitched  forward  point  down.  Hence,  for  the  maneuver 
compensated  gyro,  response  to  actual  acceleration  is 
to  remain  vertical.  One  must  remember  that  the  actual 
pendulum  is  moving,  but  there  is  no  gryo  torquing  (no 
gyro  error)  since  the  simulated  signal  cancels  the 
pendulum  signal,  steady  state  and  dynamically. 
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7.  SYSTEM  MECHANICAL  DESIGN  DETAILS 


The  wave  profiling  system  consists  of  the  MCU/GCU,  the  BAU, 
the  cockpit  CDU,  the  vertical  gyro  system,  and  the  altimeter.  The 
altimeter  antennas  and  the  BAU  are  mounted  on  a  retractable  boom 
that  extends  forward  of  the  SES  to  provide  a  clear  view  of  the 
water  surface  for  the  altimeter  antenna  system. 

The  system  interface  and  operation  are  contained  in  Ref.  3. 
This  section  discusses  the  accuracy  and  reliability  of  the  mechan¬ 
ical  details  of  the  design  of  the  system. 


BAU 


The  BAU  must  operate  on  the  bow  boom  that  protrudes  forward 
of  the  SES  approximately  8  ft  when  extended  for  normal  operation. 

The  unit  (Fig.  Cl-2)  is  completely  environmentally  sealed  to  oper¬ 
ate  submersed  in  water.  The  cable  (Fig.  Bl-10)  and  connector  are 
waterproof.  The  top  cover  is  sealed  via  a  large  0  ring.  The  three 
accelerometers  are  the  Sundstrand  model  QA-1200-AA08.  The  units 
are  described  generally  in  Appendix  C.  The  accelerometers'  sensi¬ 
tive  axes  (input  axes)  are  aligned  orthogonally  to  each  other  to 
better  than  0.5  arc  min  in  the  triad  mount.  This  is  accomplished 
by  the  detailed  test  technique  described  in  the  error  analysis  sec¬ 
tion  of  this  document.  The  accelerometers  are  mounted  to  the  triad 
using  nonmetallic  spacers  and  a  special  isolated  bolt  system  shown 
in  Fig.  Cl-6  to  electrically  Isolate  the  accelerometer  case  from 
the  mount.  This  allows  control  of  the  case  grounds,  providing  for 
better  long-term  stability  of  the  system. 

The  base  of  the  triad  mount  has  had  all  its  surfaces  machined 
and  checked  to  be  accurate  to  better  than  0.5  arc  min;  when  the  case 
cover  is  installed  and  bolted  down,  the  top  surface  is  parallel  to 
the  mounting  reference  surface  to  better  than  0.5  arc  min.  Hence 
the  top  of  the  cover  is  a  good  reference  surface  for  two  axes  (roll 
and  pitch) .  The  third  axis  (heading)  is  provided  by  reference 
scribe  lines  on  the  forward  and  aft  vertical  surfaces  of  the  mount, 
as  well  as  by  the  sides  of  the  base  of  the  mount.  Each  accelerom¬ 
eter  has  been  shimmed  to  be  aligned  to  these  reference  surfaces  to 
better  than  0.5  arc  min  of  angle. 


f 
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The  package  is  then  mounted  by  a  set  of  alignment  bolts  to 
the  bow  boom  mounting  plate  as  shown  in  Fig.  Cl-5.  The  three  ad¬ 
justment  (alignment)  bolts  provide  a  means  for  leveling  the  two 
level  axes  to  the  vertical  gyro  reference  level  surface.  As  shown 
in  the  figure,  the  heading  reference  axis  is  transferred  to  the 
bow  boom  mounting  plate  via  the  three  alignment  bolts  and  the  cen¬ 
ter  alignment  post.  These  scribe  lines  on  the  bow  boom  mounting 
plate  provide  a  10  in.  lever  arm  necessary  to  transfer  the  heading 
reference  of  the  gyro  mount  forward  to  the  BAU  via  an  optical 
alignment  (heading  transfer).  The  sequence  of  alignment  would  be 
to  first  establish  heading  at  the  BAU  and  secure  the  four  bow  boom 
mounting  plate  bolts,  then  transfer  the  level  alignment  from  the 
gyro  mount  to  the  BAU  via  an  accurate  clinometer  or  equivalent  in¬ 
strument.  All  axes  should  be  accurately  aligned  to  the  gyro  and 
remain  stable  to  better  than  0.1°  to  ensure  precision  operation  of 
the  wave  profiling  system. 

The  altimeter  antenna  system  is  mounted  below  the  BAU  and  must 
be  centered  5  in.  forward  of  the  boom  bulkhead  as  shown  in  Fig.  Cl-5. 

This  forward  location  is  the  lpcation  of  the  n  accelerometer. 

The  Sundstrand  accelerometer  contains  its  own  electronics. 

Yaw  provides  +15  VDC  and  the  accelerometer  provides  an  output  DC 
current  signal  proportional  to  input  acceleration.  To  guarantee 
scaling  accuracy,  etc.,  the  accelerometer  scaling  resistor  that 
changes  the  current  to  a  voltage  proportional  to  acceleration  is 
contained  in  the  system  electronics  rack,  150  ft  distant  from  the 
accelerometers.  The  technique  minimizes  pickup  noise,  zero  offset, 
etc . 

A  temperature  monitor  thermistor  is  mounted  inside  the  BAU 
to  provide  a  sensor  for  mounting  the  BAU  temperature  if  needed  at 
any  time.  The  temperature-resistance  curve  is  contained  in  Fig. 

Cl-3.  The  test  points  for  this  sensor  are  located  on  the  front 
panel  of  the  MCU,  designated  "Therm.” 

The  Sundstrand  Q-flex  accelerometer  model  QA-1200-AA08  is 
very  stable  relative  to  temperature.  The  AA08  version  is  better 
than  10  vig/°C;  hence  there  is  no  requirement  for  heaters,  etc.,  in 
the  BAU  to  control  temperature.  As  shown  in  the  detailed  design 
section  of  this  report,  it  is  not  the  offset  that  generated  problems 
but  the  offset  rate,  and,  since  the  BAU  is  sealed,  we  do  not  expect 
that  the  temperature  rate  at  the  accelerometer  during  normal  oper¬ 
ation  will  exceed  2.46C/min. 

The  accelerometers  have  an  extremely  high  bandwidth.  The 
boom  vibratory  motions  are  sensed  and  integrated  by  the  system  and 
removed  appropriately  from  the  ideal  altimeter  measurement.  Higher 
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frequency  motions  obviously  are  very  small  motions  (less  than  0.5 
in.)  and  do  not  cause  direct  errors.  The  accelerometers  are  scaled 
to  5  g  and  will  survive  100  g  of  shock.  Boom  retraction  and  exten¬ 
sion  must  be  done  with  caution  to  assure  that  high  g  (greater  than 
100  g)  are  not  imparted  to  the  accelerometers. 


WAVE  PROFILING  SYSTEM  ELECTRONICS  RACK 

The  rack  houses  the  MCU  and  GCU  electronics.  Each  unit 
(MCU  and  GCU)  is  mounted  on  slides  that  provide  access  to  the 
electronics  cards,  etc. 

The  complete  rack  including  the  electronics  and  cards  has 
been  successfully  vibration-tested  to  MIL  SPEC  167.  However  the 
unit  must  be  secured  at  both  the  top  and  bottom.  Figures  B4-1  is 
a  photograph  of  the  system  mounted  on  the  Ling  shaker  for  the 
vertical  axis  shake.  Figure  B4-2  is  the  record  of  the  vibration 
levels  and  frequencies.  The  unit  was  exposed  to  more  than  6  h  of 
vibration  and  more  than  200  h  of  powered-up  operation  without  any 
electronic  parts  failures. 
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8.  DETAILED  ELECTRONIC  DESIGN 


ERROR  CONSIDERATIONS 

One  of  the  equations  that  requires  electronic  implementa¬ 
tion  to  effect  ship's  motion  compensation  is  (from  Eq.  5,  Section  4) 

h  =  -x  sin  0  +  y  cos  8  sin  6  +  z  cos  6  cos  4>  =  h  ,  (16) 

z  v 


where 


h  =  h  =  desired  local  vertical  component  of  acceleration 
of  the  vehicle  (ship)  in  inertial  space, 

x,  y,  z  =  the  ship  body  accelerations  measured  by  the  ac¬ 
celerometer  triad,  and 


0 ,  4>  =  the  ship  pitch  and  roll  angles,  respectively. 


The  accelerometers  sense  the  following  signals,  where  the 
matrix  in  Eq.  17  below  is  the  inverse  of  the  M  matrix  in  Eq.  4  of 
Section  4  with  ip  =  0: 


Lzj 


cos  e 


-  sin  0 


sin  0  sin  <p  cos  <p  cos  0  sin  <(> 


|_sin  0  cos  <{>  -  sin  $  cos  0  cos  4>J 


rh  -i 


^hz. 


Note:  Matrix  multiplication  is  assumed  here,  (17) 


where  h^,  h^,  h z  are  components  of  acceleration  in  inertial  space 

with  the  local  vertical  denoted  by  h  (=h  ),  and  with  h  and  h 

z  v  x  y 

denoting  two  directions,  located  in  the  local  horizontal  plane, 

that  are  orthogonal  to  each  other  and  orthogonal  to  the  local 

vertical  with  hx  along  the  forward  direction  of  the  ship. 


If  Eq.  17  is  substituted  in  F.q.  16,  it  will  be  seen  that 

what  is  being  calculated  in  Eq.  16  is  indeed  hz,  since  an  identity 

results;  the  terms  involving  h  and  h  cancel  out  and  do  not  there- 

x  y 

fore  appear  in  Eq.  16  after  the  substitution. 
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The  electronic  implementation  of  Eq.  16  is  complicated  and 
can  be  considerably  simplified  if  certain  assumptions  are  made. 

If  both  0  and  <J>  are  confined  to  the  range  1 3 1 ,  ]  <J>  |  s  0.25  rad 
(14.3°)  and  if  we  make  the  assumption  that  cos  0  1.00,  cos  <{>  *** 

1.00  over  the  confined  ranges  for  | 0 |  and  |$|,  Eq.  16  may  be  sim¬ 
plified  to  the  following  form,  where  h&  is  now  the  value  calculated 

and  where  h  now  differs  from  h  because  of  the  approximations  made 
a  v 


h  =  -  x  sin  0  +  y  sin  $  +  z  with  1 0 1 ,  |<j>|  £  0.25  rad 
a 

cos  0  ***  1.00,  cos  $  1.00. 

(18) 


The  fractional  error,  e.  ,  in  using  h  as  a  measure  of 

••  ••  1  3 

h  (=  h  )  is  defined  as 
v  z 


If  we  substitute  the  expressions  for  x,  y,  and  z  obtained 
from  Eq.' 17  into  Eq.  18  and  find  in  accordance  with  Eq.  19, 

using  the  power  series  approximations  for  sin  0,  cos  0,  sin  <f>, 
cos  <P ,  we  obtain  the  following  expression  for  e  (again  assuming 
|  0  !  ,  U|  *  0.25  rad): 


e^  0 


(20) 


hx  and  h  in  Eq .  20  represent  the  ship ' s  surge  and  sway  ac¬ 
celerations,  respectively,  relative  to  an  earth  horizontal  plane 


and  are  likely  not  to  exceed  OW20).  Additionally,  if  1 0 1 , 

|tfi|  ^0.25  rad,  the  largest  contribution  to  the  error  e^  in  Eq. 


20 
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is  the  last  term  on  the  right  side;  by  comparison,  the  errors  con¬ 
tributed  by  the  first  two  terms  on  the  right  side  of  Eq.  20  may  be 
neglected.  Hence,  subject  to  the  approximations  that  ( 0 | ,  |$| 

£  0.25  rad,  (h  /h  )  &  4tt,  (h  /h  )£  -jkr,  Eq.  20  may  be  approximated 
,  x  z  /u  y  z  zu 


(20a) 


If  | 0 | ,  |$|  &  0.25  rad  (14.3°),  6,  0.063  or  less  than  7%; 

if  1 0 1  ,  |  <j>  |  *  0.175  rad  (10.0°),  e  *  0.031  or  about  3%. 

Equation  18  was  initially  implemented  electronically  and  the 
errors  observed  were  about  those  expected.  However,  we  determined 

experimentally,  when  h  and  h  were  both  zero,  that  by  a  simple 

x  y 

change  in  the  gains  in  the  6  and  <p  synchro  channels  and  without 
changing  the  form  of  the  electronic  circuit  block  diagram,  much 
improved  accuracy  could  be  obtained.  To  achieve  the  improved  ac¬ 
curacy  in  the  measurement  of  h  (*h  )  via  the  accelerometer  triad, 

v  z 

the  following  equation  was  implemented: 


h^  =  -%x  sin  9  +  hy  sin  $  +  z  .  (21) 

Again,  a  fractional  error  in  using  hb  as  a  measure  of  hv 
may  be  defined  as  v 


e 


2 


(22) 


If  we  substitute  the  expressions  for  x,  y,  and  z  obtained 
from  Eq.  17  into  Eq.  21  and  find  in  accordance  with  Eq.  22, 

using  the  power  series  approximations  for  sin  9,  cos  9,  sin  <t> , 
cos  <|> ,  we  obtain  the  following  expression  for  e_  (again  assuming 
1 9  |  ,  |<f>|  s  0.25  rad): 
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(23) 


We  note  now  that  the  error  term  on  the  extreme  right  of 
Eq.  23  is  much  smaller  than  the  corresponding  error  term  given 
in  Eq.  20,  confirming  our  experimental  observations.  However, 


the  surge  and  sway  error  terms  (involving  h  and  h  ,  respectively) 

x  y 

are  now  larger.  Nevertheless,  by  this  simple  change  in  the  synchro 


channel  gain,  improved  accuracy  in  the  measurement  of  hy  can  be  ob¬ 
tained  when  surge  and  sway  accelerations  are  small  compared  to  h^. 

Assuming  the  surge  and  sway  terms  on  the  right  side  of  Eq.  23  are 
equal  in  magnitude  and  root  sum  squared,  their  combined  error  would 
be  equal  to  the  last  term  on  the  right  side  of  Eq.  23  when 


f 


assuming  | 0 | 


If  1 0 1  =  |<j>|  =  h  rad, 


=  0.00552 
h 


and  the  combined  error  term  due  to  surge  and  sway  is 


(0.00552)  V2"  =  0.00098. 


This  is  also  the  error  contributed  by  the  last  term  on  the  right 
side  of  Eq.  8.  If  } 6 )  -  |$)  -  0.175  rad, 
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1 


^-\  =  0.00189, 


the  combined  error  term  now  becomes  0.00023,  which  is  the  same  as 
the  error  contributed  by  the  last  term  of  Eq.  23. 

By  inspection  of  Eq.  23,  as  |9|  and  |  <(>  |  become  smaller,  as¬ 
suming  the  surge  and  sway  acceleration  ratios  remain  constant,  the 
error  terms  due  to  surge  and  sway  become  more  dominant. 

At  this  time  it  is  appropriate  to  ask  if  there  might  be  a 
better  choice  of  the  9  and  4>  synchro  channel  gains,  rather  than 
1/2  for  each.  To  answer  this  question,  assume  the  equation  to  be 
implemented  electronically  is  of  the  form 


h^  =  -Ax  sin  9  +  Ay  sin  $  +  z  ,  (24) 

where  the  constant  A  is  to  be  chosen  to  minimize  the  magnitude  of 
the  fractional  error  defined  as  follows: 


Again,  if  we  substitute  the  expressions  for  x,  y,  and  z  ob¬ 
tained  from  Eq.  17  into  Eq.  24  and  find  in  accordance  with  Eq. 

25,  using  the  power  series  approximations  for  sin  9,  cos  9,  sin  <t> , 
cos  $ ,  we  obtain  the  following  expression  for  e.  (again  assuming 
|  9  | ,  |<j>|  s,  0.25  rad):  J 

z  L  '  z 

[M('V)^(.V)^.v]  .  (26, 
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The  contributions  to  e^  due  to  surge  and  sway  accelerations 

are  the  first  two  terms  on  the  right  of  Eq.  26.  The  value  of  A 
that  minimizes  each  of  these  contributions  is  very  close  to  unity. 
This  may  be  verified  by  setting  the  respective  terms  equal  to  0  and 
solving  each  for  A  and  making  the  approximation  that  | 8 | ,  |$j  s.  0.25 
rad.  With  A  =  1,  Eq.  24  becomes  identical  to  Eq.  18,  the  equation 
originally  implemented  electronically,  while  the  fractional  error 
given  by  Eq.  26  reduces  to  given  by  Eq.  20  where  1 0 1  ,  |<j>|  ^  0.25 
rad  is  assumed. 


If  we  disregard  the  error  contributions  due  to  surge  and 
sway  accelerations,  the  value  of  A  that  minimizes  the  error  in  the 
last  term  on  the  right  of  Eq.  26  is  very  close  to  1/2.  This  may 
be  verified  by  setting  this  term  equal  to  0  and  solving  for  A  as  a 
function  of  0  and  4>.  Performing  the  latter  operation,  we  obtain 
the  following  expression  for  A: 


_  94+j!4 _ 62  $2 

12(62+<$2)  2(62-f<j,2) 

94+4>4  _  82  $2 

3  (02+<f>2)  2(02+(t>2)  . 


(27) 


If  it  is  again  assumed  that  | 0 | ,  |$!  a.  0.25  rad,  the  bracketed 
term  in  Eq.  27  is  very  close  to  unity  and  hence  A  **  *5  to  a  good  ap¬ 
proximation.  With  A  =  *s,  Eq.  24  becor.es  identical  to  Eq.  21,  the 
equation  finally  implemented  electronically,  while  the  fractional 
effort  Ej  given  by  Eq.  26  reduces  to  given  by  Eq.  23. 

Thus,  if  the  surge  and  sway  acceleration  ratios  ^7 and^T^ 

z  z 

are  insignificant,  choose  A  w  *5  to  minimize  If  the  acceleration 

ratios  are  not  insignificant,  a  value  of  A  between  h  and  1  should 
be  chosen,  depending  on  how  large  these  ratios  are.  To  see  how 
these  ratios  influence  the  choice  of  A,  assume  the  following: 


|tt^|  =  k,  k  ^  0  . 


h 

z 


(28) 
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With  k  =  0,  the  acceleration  ratios  are  0  and  the  fractional 
error  in  Eq.  26  may  be  plotted  as  a  function  of  A,  as  in  Fig.  8, 
for  two  different  assumed  values  of  1 6 )  =  |$|.  For  ) 0 )  =  )<j>|  = 
0.175  rad  (10.0°),  the  magnitude  of  the  maximum  fractional  error 
becomes  about  0.030  (or  3.0%)  when  A  =  0  or  A  =  1;  |e^|  becomes 

a  minimum  near  A  =  h.  For  1 6  j  =  |<J>j  =  0.025  rad  (14.3°),  |  | 

maximum  occurs  again  at  A  =  0  or  A  =  1  and  is  as  high  as  0.062,  or 
about  6.2%;  again,  [e^|  becomes  a  minimum  near  A  =  %. 

The  effect  of  k  >  0  may  be  seen  by  referring  to  Fig.  9.  In 
this  figure,  the  RSS  value  of  the  first  two  terms  on  the  right  of 
Eq.  26  is  plotted  as  a  function  of  A  for  two  different  assumed 
values  of  1 0  |  =  1 4>  |  and  two  different  values  of  k.  For  1 0  (  =  |<|>|  = 
0.175  rad  (10.0°)  and  k  “  0.01,  the  RSS  fractional  error  is  a  max¬ 
imum  of  0.0024  at  A  =  0  and  is  essentially  0  at  A  =  1.  For  k  = 
0.10,  the  RSS  fractional  error  is  much  larger,  having  the  value  of 
0.0242  at  A  =  0;  at  A  =  1,  the  fractional  error  is  again  close  to 
0.  At  A  =  l-i,  the  fractional  error  is  0.0125,  which  is  significant 
compared  to  the  fractional  error  at  A  =  %  when  k  =  0  (from  Fig.  8). 
If  k  is  of  the  order  of  0.10,  a  value  of  A  somewhere  between  h  and 
1  may  be  desirable  in  order  to  minimize  the  magnitude  of  the  total 
error  | e_ | . 

It  is  of  interest  to  note  that  if  A  =  0,  Eq.  24  degenerates 
into  that  which  ij  simplest  to  implement  electronically, 

hc  =  z  .  (29) 

For  this  case,  only  one  accelerometer  instead  of  three  is 
required,  and  the  synchro  channel  circuitry  may  be  removed.  How¬ 
ever,  the  price  paid  for  this  simplicity  is  higher  system  errors 
as  may  be  seen  by  referring  to  Figs,  8  and  9  with  A  =  0.  For  this 
case,  all  three  error  terms  on  the  right  side  of  Eq.  26  are  at 
their  maximum  values.  Thus,  for  k  *  0,  |0j  *  |(|>|  *»  0.175  rad 
(10.0°),  the  fractional  error  | |  becomes  0.030,  or  3.0%,  (see 

Fig.  8).  If  k  ranges  between  0.01  and  0.10,  an  RSS  fractional 
error  contribution  ranging  between  0.00224  and  0.0243  in  addition 
to  the  Fig.  8  fractional  error,  manifests  itself  (see  Fig.  9). 

Figure  10  is  a  simplified  block  diagram  showing  how  the 
generated  signal  for  h^,  which  is  a  measure  of  hv,  is  processed 

and  combined  with  the  altimeter  signal  to  produce  the  desired 

wave  height  signal,  h  .  The  altimeter  measures  ship  motion  in 

w 
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addition  to  wave  height  variations,  h  ,  at  an  average  wave  height 

w 

of  hQ.  h^  is  filtered  out  by  means  of  a  high-pass  filter,  the 
output  of  which  then  becomes  proportional  to  (h  -h  ) . 

W  V 

In  the  accelerometer  path,  h^  (**  h^)  is  integrated  twice 

to  yield  a  signal  proportioned  to  h^.  h^  in  this  path  is  then 

summed  with  (h  -h  )  in  the  altimeter  path  to  yield  the  desired 
w  v 

wave  height  variations,  h  . 

w 

In  Fig.  10,  the  +lg  bias  source  is  required  to  null  the 
gravitational  acceleration  sensed  by  the  accelerometer  triad. 

In  performing  two  electronic  integrations  on  h  to  yield 
h^,  problems  evolve  because  of  accelerometer  and  amplifier  off¬ 
sets;  these  offsets  would  also  be  integrated  and  create,  ultimately, 
amplifier  saturation  and  an  unusable  system.  Hence  the  double  in¬ 
tegration  must  be  replaced  by  at  least  two  cascaded  first-order 
low-pass  filters  that  together  represent  a  good  approximation  to 
a  double  integration  for  all  wave  height  frequencies  equal  to  and 
above  some  prescribed  frequency.  This  prescribed  frequency  should 
be  the  lowest  significant  wave  height  frequency  expected.  To  be  a 
good  approximation  to  an  integrator  (and  thereby  minimize  the  er¬ 
ror  in  the  integration  process),  the  filter  cutoff  frequency  should 
be  well  below  the  lowest  significant  wave  height  frequency. 

If  two  cascaded  first-order  low-pass  filters  are  used  as 
integrators,  the  offsets  created  by  the  amplifiers  used  to  gen¬ 
erate  these  filters  still  become  a  problem  because  of  the  rela¬ 
tively  large  DC  gain  required  for  each  filter.  Each  gain  is  pro¬ 
portional  to  the  inverse  of  the  filter  angular  cutoff  frequency, 

w  ,  and  hence  proportional  to  the  filter  time  constant  t  (=  — ) . 
a  a  to 

a 

Information  concerning  wave  height  frequencies  indicates  that  x 

a 

should  be  in  the  neighborhood  of  4  s  and  possibly  larger.  Cal¬ 
culations  show  that  the  required  DC  gain  of  each  filter  stage  will 
be  about  10  for  x^  =  A  s,  yielding  a  cascaded  DC  gain  of  approxi¬ 
mately  2500.  Small  amplifier  and  accelerometer  offsets  will  be 
amplified  by  this  gain  and  may  become  equivalently  large  wave 
height  errors.  To  overcome  this  deficiency,  it  is  necessary  to 
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block  the  DC  offsets  from  the  output  by  means  of  at  least  one  first- 
order  high-pass  filter,  having  a  cutoff  angular  frequency  of  about 
to  ,  placed  at  the  output  of  the  cascaded  low-pass  filters.  However, 

even  this  solution  is  not  satisfactory,  because  small  offsets  may 
tend  to  use  up  a  sizable  portion  of  the  dynamic  range  of  the  indi¬ 
vidual  amplifiers  in  the  cascaded  low-pass  filters.  For  example, 

1  MVDC  offset  at  the  output  of  the  summing  amplifier,  which  combines 

the  accelerometer  signals  in  the  x,  y,  and  z  channels  and  drives  the 
cascaded  filter  stages,  can  become  approximately  2.5  VDC  at  the  out¬ 
put  of  the  second-stage  low-pass  filter,  assuming  t  =  4  s.  If  t 

3  3 

is  higher,  the  offset  at  the  output  of  the  second-stage  low-pass 
filter  is  higher. 

By  carrying  this  offset  argument  further  in  order  to  keep 
the  effects  of  offsets  within  reasonable  bounds,  we  are  led  to  a 
five-stage  filter  configuration  that  uses  three  first-order  high- 
pass  filters  with  two  first-order  low-pass  filters  arranged  as 
shown  in  Fig.  11.  In  this  configuration,  the  output  offset  of 
each  filter  stage  can  be  held  to  a  reasonably  small  value.  Fur¬ 
thermore,  the  output  offset  of  the  last  stage,  which  represents 
an  error  in  the  measurement  of  h  ,  can  be  held  to  insignificance 

in  terms  of  the  error  in  h  by  using  a  DC  operational  amplifier 

with  reasonably  low  DC  offset  to  generate  the  high-pass  filter 
function. 

If  an  analysis  is  made  of  the  effect  on  the  measurement  of 
hv  due  to  the  rate  of  change  of  DC  offset  of  the  amplifiers  in  the 

filter  stage,  particularly  in  the  first  two  stages,  and  in  the  x, 

y,  z  summation  amplifier  driving  the  five-stage  filter,  we  are  led 
to  the  conclusion  that  very  low  DC  offset  amplifiers  are  required. 
Each  critical  amplifier  requires  an  offset  in  the  microvolt  region 
in  order  to  guarantee  that  its  time  rate  of  change  due  to  environ¬ 
mental  changes  will  be  correspondingly  small,  preferably  of  the 
order  of  1.0  pV/s  or  less.  This  implies  that  chopper-stabilized 
amplifiers  should  be  used  since  these  are  known  to  have  very  low 
DC  offsets.  For  this  purpose,  the  Philbrick  model  1701  chopper- 
stabilized  amplifier  was  chosen.  This  amplifier  has  an  initial  DC 
voltage  offset  of  15  pV  maximum  with  a  temperature  coefficient  of 
voltage  offset  of  0.25  pV/°C  maximum.  Its  initial  bias  current  is 
50  pA  maximum  with  a  temperature  coefficient  of  1  pA/°C.  The  ex¬ 
pected  impedance  level  to  be  used  in  each  amplifier  is  of  the  order 
of  5  MD  so  that  the  latter  temperature  coefficient  translates  into 
an  equivalent  temperature  coefficient  of  voltage  offset  of  5  pV/°C. 
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This  is  over  an  order  of  magnitude  higher  than  the  temperature  co¬ 
efficient  of  voltage  offset  (0.25  yV/°C)  and  can  be  tolerated  if  the 
rate  of  change  of  ambient  temperature  about  the  amplifier  unit  is 
less  than  approximately  (1.0  yV/s)/(5  yV/°C)  =  0.2°C/s.  The  latter 
does  not  appear  to  be  a  severe  requirement  after  initial  warm-up  of 
the  amplifiers.  However,  the  amplifiers  should  be  protected  against 
rapid  ambient  temperature  changes  that  might  take  place  in  the 
environment  in  which  they  are  to  be  used. 

The  Philbrick  model  1701  amplifier  operates  on  ±15  V  supplies 
and  has  voltage  and  current  offset  changes  due  to  power  and  supply 
voltage  changes.  Typical  offsets  are  +0.2  yV/V  of  power  supply 
change,  and  ±2  pA/V  of  power  supply  change.  If  the  power  supplies 
are  stable  to  within  ±1%  (corresponding  to  a  maximum  change  of 
0.3  V  =  worst  case  difference  change  between  the  two  supplies),  the 
change  in  voltage  offset  is  about  0.06  yV  (insignificant)  while  the 
change  in  equivalent  voltage  offset  due  to  current  offset  at  the 
5  Mfi  impedance  level  is  0.60  yV.  The  latter  offset  change  is  ac¬ 
ceptable  if  the  power  supply  change  does  not  occur  in  less  than  0.6  s. 

Calculations  indicate  that  the  internal  noise  generated  by  the 

Philbrick  amplifiers  should  not  introduce  significant  errors  in  the 

measurement  of  h  . 

v 

Since  all  three  high-pass  filter  sections  are  identical  and 
both  low-pass  filter  sections  are  identical  in  the  five-stage  filter, 
it  was  decided  to  use  the  same  type  amplifiers  for  all  the  stages  — 
namely,  the  Philbrick  model  1701,  even  though  the  DC  offset  require¬ 
ments  on  the  third,  fourth,  and  fifth  stages  are  not  as  severe  as 
those  for  the  first  two  stages.  This  permits  interchangeability  of 
stages  for  the  respective  filter  types. 

Since  the  outputs  of  the  multipliers  in  the  x  and  y  channels 
in  Fig.  10  drive  the  input  of  the  summing  amplifier,  the  multipliers 
must  have  correspondingly  low  output  DC  offset  in  order  that  the  rate 
of  change  of  DC  offset  does  not  create  large  errors  in  the  measure¬ 
ment  of  h^.  For  this  purpose,  the  Intronics  model  M311  multiplier 

was  chosen.  This  is  a  high-precision  ultrastable  pulse  height/pulse 
width  type  of  multiplier  with  an  output  offset  of  10  MV  maximum  but 
with  a  temperature  coefficient  of  output  offset  of  only  20  yV/°C. 

This  temperature  coefficient  can  be  tolerated  if  the  rate  of  change 
of  ambient  temperature  about  the  multiplier  unit  is  less  than 
(1.0  yV/s) / (20  yV/°C)  =  0.05°C/s  (or  3.0°C/min).  The  latter  re¬ 
quirement  points  up  the  fact  that  the  multipliers  should  be  pro¬ 
tected  against  rapid  environmentally  induced  temperature  changes 
and  should  have  adequate  time  for  warm-up  prior  to  use  —  perhaps 
10  min  at  least. 
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No  data  are  given  for  the  Intronic  multipliers  with  respect 
to  the  output  offset  voltage  sensitivity  to  supply  voltage  changes 
and  with  respect  to  its  time  stability.  However,  measurements  were 
made  on  one  model  M311  multiplier  with  the  result  that  the  output 
offset  changes  less  than  25  yV  for  a  1%  change  in  either  the  +15  V 
or  -15  V  supply.  If  the  multiplier  output  drift  rate  is  to  be  held 
to  less  than,  for  example,  1.0  yV/s,  the  power  supply  drift  rate 
should  not  exceed  (1.0  yV/s)/(25  yV/%)  =  0.04%/s  or  6.0  MV/s  for 
both  the  #15  V  and  -15  V  supplies.  This  is  not  a  severe  require¬ 
ment  once  the  power  supplies  are  allowed  to  warm  up  and  stabilize. 
Time  stability  measurements  indicate  that  the  multiplier  is  stable 
to  well  within  0.4  yV/min  (after  a  suitable  warm-up  period).  It  is 
likely  that  any  changes  observed  were  due  to  temperature  changes. 
After  a  5  min  warm-up  the  drift  rate  did  not  exceed  20  yV/min,  which 
is  satisfactory  for  our  application. 

Calculations  show  that  the  internal  noise  generated  by  the 

M311  multipliers  should  not  introduce  significant  errors  in  the 

measurement  of  h  . 

v 

For  small  angles  0  and  $  (assuming  1 0 1  ,  |<js|  <  rad  (14.3°), 
the  z  accelerometer  senses  the  major  portion  of  the  hv  motion.  The 

output  DC  voltage  offset  of  this  accelerometer  drives  the  x,  y,  z 
summing  amplifier  input  directly  (see  Fig.  9)  and  hence  its  rate  of 
change  of  offset  is  of  concern.  Any  DC  offset  appearing  at  the  out¬ 
put  of  the  x  or  y  accelerometer  is  effectively  multiplied  by  - 
or  si,rc~  &  respectively,  and  hence  is  reduced  by  at  least  a  factor  of 
8  (since  sin  14.3°  *  0.25)  before  the  offset  reaches  the  sunning 

amplifier  input  where  it  is  added  to  the  z  accelerometer  signal. 
Hence,  the  rate  of  change  of  DC  offset  for  each  of  these  accelero¬ 
meters  is  not  as  critical  as  for  the  z  accelerometer.  Design  in¬ 
formation  on  the  Sondstrand  QA  1200  -  AA08  linear  forced  feedback 

accelerometer  (used  on  the  z  axis  as  well  as  on  the  x  and  y  axes) 
indicates  that  offset  stability,  due  to  temperature  changes,  of  the 
accelerometer  is  of  the  order  of  5.5  yg/'F  (=  10  yg/°C).  For  a 

scale  factor  of  2.50  V/g,  this  is  equivalent  to  2.5  ^10  ®)  V/°C. 

In  order  not  to  exceed  a  drift  rate  of  the  order  of  1.0  yV/s,  the 
temperature  of  the  accelerometer  should  not  change  at  a  rate  greater 
than  (1.0  yV/s)/(25  yV/°C)  =  0.040®C/s  or  2.4°C/min.  This  is  a  re¬ 
quirement  that  should  be  achievable  on  the  SES.  Power  supply  changes 
of  ±1%  do  not  produce  any  significant  output  offset  changes  for  this 
accelerometer. 
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The  +15  V  and  -15  VDC  power  supplies  used  in  the  system  are 
contained  in  a  single  module,  the  Analog  Devices  model  925  modular 
power  supply.  It  operates  from  50  to  400  Hz  prime  power  and  has  a 
350  MA  rating  for  each  supply.  The  line  and  load  regulation  values 
are  0.02  and  0.02%,  respectively;  these  values  are  more  than  satis¬ 
factory  for  this  application.  Each  supply  has  a  temperature  coef¬ 
ficient  of  voltage  of  0.015%/°C  or  2.25  MV/°C.  To  satisfy  the  M311 
multiplier  drift  rate  requirement  due  to  power  supply  drift  rate, 
it  was  indicated  that  the  latter  should  not  exceed  0.04%/s.  For 
these  power  supplies,  we  require  that  the  module  case  temperature 
not  change  by  more  than  (0.04%/s)/(0.015%/°C)  =  2.7°C/s.  This  value 
should  not  be  difficult  to  achieve  even  during  power  supply  warm-up. 

DESCRIPTION  OF  THE  INSTRUMENTATION  DIAGRAM  FOR 
THE  MOTION  COMPENSATED  WAVE  PROFILER 

Figure  12  is  an  electronic  instrumentation  diagram  for  the 
motion-compensated  wave  profiler.  The  outputs  of  the  accelerometer 

channels  x,  y,  z  are  combined  at  the  input  to  summation  amplifier 
along  with  a  stable  +1  g  bias  source.  The  latter  is  required 

to  cancel  the  static  -1  g  acceleration  sensed  by  the  accelerometers 

(mainly  the  z  accelerometer)  due  to  gravitational  attraction. 


As  can  be  seen,  the  x  and  y  accelerometer  signals  are  first 
passed  through  isolating  unity  gain  buffer  amplifiers  and  then 
through  multipliers  via  the  and  M2  inputs,  in  order  to  imple¬ 
ment  Eq.  24  with  A  =  0.500.  The  other  inputs  to  the  multipliers 
represent  the  sin  0  and  sin  <t>  channel  signals  that  appear  at  mul¬ 
tiplier  inputs  N2  and  ,  respectively.  Signals  proportional  to 

sin  0  (in  pitch  channel)  and  sin  (in  roll  channel)  are  derived 
from  the  - 


S  outputs  of  three-wire  synchros.  Each  signal  is 


a  400  Hz  suppressed  carrier  signal,  the  amplitude  of  which  is  pro¬ 
portional  to  the  sine  of  the  angular  deviation  from  the  null  posi¬ 
tion.  The  null  position  in  each  channel  corresponds  to  0  =  0  and 
4>  =  0.  The  phase  of  the  signal  is  either  in  phase  (ideally)  or 
180°  out  of  phase  (ideally)  with  the  400  Hz  carrier  reference  de¬ 
pending  on  the  direction  of  rotation  of  the  synchro  from  the  null 
position.  The  signal  phase  therefore  carries  the  information  con¬ 
cerning  the  sign  of  the  deviation  of  the  synchro  rotor  from  the 
null  position.  In  order  to  derive  the  DC  signal  in  each  channel 
whose  amplitude  is  proportional  to  the  sine  of  the  angular  devi¬ 
ation  from  the  null  position  and  whose  sign  indicates  the  direction 


I 

I 

I 

I 

I 

I 
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of  rotation  from  the  null  position,  it  is  necessary  to  use  phase 
sensitive  demodulation.  Each  synchro  signal  is  first  passed  through 
an  isolation  transformer  (IT  in  Fig.  12)  so  that  the  electronics 
ground  may  be  isolated  from  the  synchro  wires.  The  signal  is  then 
passed  through  a  fixed  gain,  fixed  phase  shift  amplifier  stage  (K^ 

and  K^)  having  a  limiter  to  prevent  unduly  large  AC  signals  from 

reaching  and  overloading  succeeding  stages.  The  limit  level  is  set 
near  12°  in  each  of  the  0  and  <j>  channels,  which  is  well  above  the 
maximum  expected  pitch  and  roll  angles.  The  fixed  phase  shift, 
which  is  about  -135°,  is  combined  with  an  adjustable  phase  shift 
in  the  succeeding  amplifier  (K^  and  Kg)  to  produce  either  a  signal 

exactly  in  phase  or  180°  out  of  phase  (depending  on  synchro  rotor 

direction  of  rotation)  with  the  400  Hz  reference  at  the  demodulator 

(K  and  K_)  input.  The  output  of  the  adjustable  phase  shift  ampli- 
3  7 

fier,  the  amplitude  of  which  is  proportional  to  sin  0  or  sin  4>,  and 
the  phase  of  which  contains  the  information  on  the  direction  of 
rotation  and  therefore  the  signal  sign,  is  then  fed  to  the  demodu¬ 
lator  (K^  and  Kg)  where  in  combination  with  the  400  Hz  carrier  ref¬ 
erence  signal  it  is  demodulated. 

The  400  Hz  carrier  reference  signal  for  the  demodulator 
should  be  a  square  wave  signal  whose  zero  crossovers  should  coin¬ 
cide  with  the  zero  crossovers  of  the  input  signal  (to  the  demodu¬ 
lator)  that  is  to  be  demodulated.  As  indicated  previously,  phase 
corrections  of  the  synchro  signals  to  permit  coincidence  between 
signal  and  reference  zero  crossovers  are  accomplished  via  the  ad¬ 
justable  phase  shift  amplifiers  0^  and  Kg).  The  square  wave  ref¬ 
erence  is  generated  from  the  115  Vrms,  400  Hz  sine  wave  reference 
supply  (used  to  supply  the  synchros)  by  first  passing  it  through  a 
stepdown  transformer  and  then  squaring  the  wave  via  a  hysteresis 
switch  and  limiter.  The  hysteresis  switch  prevents  noise  from  af¬ 
fecting  the  switching  of  the  waveform  around  zero  crossover  of  the 
sinewave.  The  output  of  the  hysteresis  switch  is  then  passed  to  a 
square  wave  reference  generator  that  adjusts  the  levels  of  the  posi¬ 
tive  and  negative  portions  of  the  square  wave  to  be  compatible  with 
2 

the  T  L  electronic  switch  contained  in  each  demodulator. 

The  output  of  the  demodulator  therefore  contains  a  DC  signal 
with  amplitude  proportional  to  the  sine  of  the  synchro  rotation  angle 
(from  the  null  position)  and  sign  denoting  synchro  rotation  direc¬ 
tion,  and  harmonics  of  the  400  Hz  carrier  frequency,  particularly 
even  harmonics.  These  harmonics  are  effectively  removed  subsequently 
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by  the  following  stage  (K^  and  K1Q),  which  is  a  second-order  low- 

pass  filter  having  a  cutoff  frequency  set  at  about  80  Hz.  This 
cutoff  frequency  is  well  above  maximum  expected  signal  frequencies 
in  the  roll  and  pitch  channels  and  is  sufficiently  low  to  attenuate 
the  carrier  harmonics  to  insignificance. 

The  output  of  the  second-order  low-pass  filter  is  then 
passed  to  a  divider  stage  input  (M^  and  M^)  where  the  signal  amp¬ 
litude  is  normalized  to  the  400  Hz  reference  signal  amplitude.  If 
the  115  Vrms,  400  Hz  reference  should  change  in  amplitude,  the  0 
and  $  sychro  outputs  will  change  proportionally.  Since  the  signals 
proportional  to  sin  G  and  $  supplied  to  the  and  multiplier 

inputs  should  be  independent  of  reference  amplitude,  a  means  for 
removing  the  dependence  on  reference  amplitude  must  be  provided. 
Each  divider  stage,  in  conjunction  with  a  DC  signal  proportional 
to  reference  amplitude  applied  at  the  divisor  input  (N^  and  N^) , 

provides  the  means  for  removing  the  dependence.  For  this  purpose 
the  amplitude  of  the  115  Vrms,  400  Hz  reference  (E  )  is  measured 

by  an  adjustable  gain  absolute  value  detector  (K^)  that  full-wave 

rectifies  the  400  Hz  wave  and  generates  a  DC  voltage  proportional 
to  the  average  value  of  the  rectified  wave.  An  isolation  trans¬ 
former  (IT)  is  used  to  isolate  the  400  Hz  reference  signal  from 
the  detector  signal  ground.  The  detector  also  generates  harmonics 
of  the  400  Hz  reference  frequency  that  are  subsequently  filtered 
by  the  following  second-order  low-pass  filter  (K^g)  having  a  cut¬ 
off  frequency  at  10  Hz.  The  detector  gain  is  made  adjustable  to 
permit  the  proper  DC  level  to  be  set  at  the  divider  input  (N  and 

V- 


The  output  of  the  divider  in  each  synchro  channel  is  then 
passed  through  an  adjustable  gain  amplifier  (K,.  and  K^)  to  ensure 

that  the  proper  signal  level  reaches  the  multiplier  input  (N^  and 

N2).  This  adjustment  permits  absorption  of  circuit  tolerances. 

The  gains  and  actually  represent  attenuators  inserted  in 

the  signal  lines  to  multiplier  inputs  and  N,,.  Each  attenuator 

has  its  gain  set  to  1/2,  which  represents  the  adjustment  of  the 

gain  A  in  the  basic  equation  used  to  calculate  h  in  Eq.  24,  which 
••  i  S 

is  equivalent  to  h.  in  Eq.  21;  h  for  A  =  —  (or  h.  )is  a  measure  of 
..  d  c  2  b 

h  . 

v 
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Since  the  sign  of  the  x  accelerometer  signal  when  multiplied 
by  a  signal  proportional  to  sin  0  must  be  opposite  to  the  correspond¬ 
ing  sign  of  the  multiplied  signal  in  the  y  accelerometer  channel 
(see  Eq.  24),  a  signal  reversal  must  be  produced  at  the  output  of 

the  x  multiplier.  The  sign  reversal  may  be  conveniently  produced 
by  interchanging  the  output  leads  of  the  isolation  transformer 
used  to  isolate  the  electronics  ground  from  the  pitch  synchro 
S1-S3  wires. 

At  the  summation  amplifier  K^»  the  accelerometer  channel 
signals  are  combined  along  with  the  stable  +1  g  bias  voltage  to 

where  h^  is 

an  approximation  to  hy  and  is  given  by  Eq.  21.  The  output  of 
amplifier  is  then  passed  through  the  five-stage  high-pass  fil¬ 
ter  where  double  integration  of  signal  frequencies  appreciably 
above  the  filter  cutoff  frequency  is  performed.  The  filter  cut- 

ui  , 

sl  X 

off  frequency  is  given  by  f  =  •=—  =  -= -  ,  where  t  is  the  time 

a  zv  zttx  a 

constant  set  in  each  of  the  five  filterstages.  In  this  system, 
ra  has  been  set  to  20  s,  corresponding  to  f  =  0.00796  Hz. 

The  output  of  the  five-stage  filter  now  represents  a  signal 
proportional  to  h^  (which  is  an  approximation  to  hv>  and  is  sent 

through  adjustable  gain  scaling  amplifier  K^,.  to  produce  the  de¬ 
sired  ship’s  vertical  motion  scale  factor  of  1.00  ft/V.  The  gain 
adjustment  on  K15  permits  absorption  of  circuit  tolerances  in  the 

stages  producing  signal  (h^)  (a*  h  )  at  the  output  of  the  five- 
stage  filter.  v 

The  output  of  the  five-stage  filter  is  also  passed  to  the 
input  of  adjustable  gain  summing  amplifier  F^,  which  has  two  gain 

adjustments.  The  other  input  to  comes  from  the  altimeter 
channel  that  produces  a  signal  proportional  to  (h  -  h  ) .  The 
summing  amplifier  therefore  is  to  combine  a  signal  proportional 
to  [hv]  (^h^),  from  the  five-stage  filter  output,  with  that  pro¬ 
portional  to  (hw  -  h^)  to  yield  an  output  proportional  to  (h  ) 
only.  Thus,  one  gain  adjustment  on  K1(.  amplifier  permits  normal¬ 
ization  of  the  signals  proportional  to  (h  )  and  (h  -  h  )  so  that 

V  w  v 
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they  add  properly  to  produce  a  signal  proportional  to  just  (h^) . 

The  other  K, ,  gain  adjustment  permits  setting  the  output  scale 
lo 

factor  to  the  desired  1.00  ft/V  for  wave  height. 

For  the  purpose  of  providing  a  readout  of  the  rms  value  of 

the  wave  height  variations,  the  output  of  summing  amplifier 

is  passed  to  an  rms-to-DC  converter  (K„,). 

zb 

The  altimeter  channel  signal  (h  -  h^)  is  generated  di¬ 
rectly  from  one  of  two  supplied  altimeters  that  are  to  be  used 
with  the  motion  compensation  system.  These  altimeters  are  the 
Collins  model  Alt  50  and  the  TRT  model  A11V20.  Each  altimeter 
measures  (h^  +  h^  -  h^) ,  and  its  output  is  amplified  by  a  three- 

stage  amplifier  anc*  K22^  ^as  a  8ain  adjustment  for  the 

purpose  of  normalizing  the  output  to  a  prescribed  scale  factor  at 
the  altimeter  select  switch.  This  permits  selection  of  either 
altimeter  output  at  the  same  scale  factor  for  subsequent  signal 
processing.  The  output  of  each  altimeter  has  such  a  wide  range 
for  its  scale  factor  (100  MV/ft  to  250  MV/ft)  that  it  is  necessary 
to  provide  some  means  for  normalizing  the  scale  factor  to  250  MV/ft. 
Provision  is  also  made  to  permit  adjustment  of  the  initial  height 
to  compensate  for  altimeter  height  offset  and  permit  direct  read¬ 
ings  of  h^.  Thus,  in  the  three-stage  amplifier  in  each  channel, 

the  first  stage  serves  as  a  high  input  impedance  buffer  amplifier 
that  prevents  significant  loading  of  the  altimeter  output  signal. 
This  stage  also  contains  a  limiter  that  is  activated  for  total 
altimeter  signals  exceeding  heights  in  the  range  of  33.6  to  84  ft, 
depending  on  the  altimeter  scale  factor.  The  second  stage  of  the 
three-stage  amplifier  has  an  adjustable  gain  for  normalizing  the 
output  scale  factor.  The  third  stage  has  the  bias  offset  adjust¬ 
ment  that  can  range  between  0  and  31  ft. 

The  altimeter  signal  selected  by  the  altimeter  select  switch 

is  then  fed  into  a  singlestage  high-pass  filter  where  the  DC  and 

very  low  frequency  altitude  variations  are  removed,  allowing  only 

the  ship's  motion  and  wave  height  variations  (h  -  h  )  above  the 

w  v 

filter  cutoff  frequency  to  pass  through  relatively  unattenuated. 

The  cutoff  frequency  is  approximately  0.0064  Hz  corresponding  to 
t.  »  25  s. 

D 

The  output  of  the  altimeter  select  switch  is  also  fed  to 
the  input  of  a  single-stage  low-pass  filter  with  the  intent  of 
passing  primarily  the  mean  value  of  the  height,  (h^) ,  while  at¬ 
tenuating  the  (h  )  and  (h  )  variations  above  the  filter  cutoff 
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frequency.  The  filter  cutoff  frequency  has  also  been  set  at  ap¬ 
proximately  0.0064  Hz  corresponding  to  xc  s-'  25  s.  in  Fig.  12 

is  a  buffer  amplifier  that  provides  isolation  between  the  load  and 
the  output  of  the  low-pass  filter. 

DC  power  to  operate  the  various  amplifiers  in  the  wave  pro¬ 
filer  is  obtained  from  a  dual  ±15  VDC  module,  Analog  Devices  model 
925.  Each  output  has  a  350  MA  rating  with  0.02%  line  regulation, 
0.02%  load  regulation. 

The  demodulators  make  use  of  +5  VDC  power  as  well  as  ±15  VDC, 
and  so  require  a  +5  VDC  supply,  Analog  Devices  model  905.  This 
supply  is  rated  at  1  A  output  current  with  0.02%  line  regulation, 
0.05%  load  regulation.  Not  shown  on  Fig.  12  are  various  relays 
used  for  function  switching  and  discharging  (or  resetting  to  zero) 
long  time  constant  filter  capacitors  (particularly  in  the  five- 
stage  filter  and  in  the  high-  and  low-pass  filters  in  the  altimeter 
channel).  These  relays  also  operate  on  +5  VDC  power  and  hence  the 
current  rating  of  the  model  905  power  supply  was  chosen  to  satisfy 
both  the  relay  and  demodulator  requirements.  Prime  power  to  all 
DC  power  supplies  is  derived  from  a  115  Vrms,  400  Hz  source. 

CHANNEL  GAIN  CALCULATIONS  AND  ASSIGNMENT  OF 
BLOCK  GAINS 

With  reference  to  Fig.  12,  this  section  will  concern  itself 
with  the  calculation  of  channel  gains  and  the  assignment  of  block 
gains. 


Consider  the  signals  being  summed  at  the  input  to  summing 
amplifier  K^;  assume  each  signal  is  summed  with  equal  weight  at 

the  input  to  K13*  Excluding  the  (+1  g)  bias  source  which  is  also 
summed  at  input,  we  obtain  the  following  equation  by  consider¬ 
ing  the  signal  paths  from  the  x,  y,  and  z  accelerometers  to  the 
input  of  where  is  the  sum  of  the  signals  at  input: 


51  -  *<Kc— 1 1  +  +  *«.> 


(30) 


where 


N,  =  K2QER(sin  0) (-n0)K,  K„  K„  K 


2  7  8  9 


(— )K  K 

KTN^ll  *12’ 


(31) 
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N1  =  Ki9Vsin  ni  K1  K2  K3  Vn^)K5  K6*  and 


(32) 


N4  =  ER  n3  K17  K18  "  N3  "  ERn  * 


(33) 


Substituting  Eqs.  31,  32,  and  33  into  Eq.  30  and  noting 
that  K12  =  K6  = 


S  -  /x  sln  9 


n3K17K18 


(34) 


We  desire,  from  Eq,  21,  that  the  sum  yields  a  signal  pro¬ 
portional  to  h^,  which  is  to  be  a  measure  of  hv>  Thus  we  require 
in  Eq.  34  that  by  comparing  with  the  terms  in  Eq.  21 


n2KcK20K7K8K9K10Kll 

(n3K17K18)Ka 


=  1 


(35) 


nlKbK19KlK2K3K4K5 

(n3K17Klg)Ka 


(36) 


The  gain  factor  (n3K1?K18)  is  chosen  such  that  when  ER  = 

115.0  Vrtns,  the  normalizing  reference  signal  ED  will  be  8.00  ± 

w 

/ 10M  10M,  \ 

0.08  VDC.  This  permits  the  dividers  l  and  blocks]  to 

\  N3  N4  / 
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operate  at  signal  levels  yielding  nearly  the  best  accuracy  by  making 
and  near  their  upper  limit  (10. 0  VDC) .  Also,  the  second-order 

low-pass  filter  (K^g)  operates  near  its  maximum  output  capability 

without  overload  at  the  8.00  VDC  level.  Moreover,  the  dividers 
and  K^g  can  handle  a  10%  increase  in  ER  without  overload  to  these 

blocks.  Thus: 


ER(ngK^yK^g)  =  8.00  VDC  nominally  with  ER  =  115.0  Vrms,  or 


K17K18  =  115.0  n 


8.00  0.06957 


VDC/Vrms  . 


The  IT's  chosen  were  the  UTC  H-5  type.  This  transformer  has 
a  primary-to-secondary- impedance  ratio  of  nominally  15  000  U  to 
95  000  S2  when  used  to  isolate  the  pitch  and  roll  synchro  S1-S3  out¬ 
puts  from  the  MCU  electronics  ground.  When  used  to  isolate  the 
115  Vrms,  400  Hz  reference  ER,  the  primary  and  secondary  winding 

connections  are  interchanged.  The  turns  ratio  n  ,  n2,  n_  for  each 
of  the  respective  transformers  is  therefore 


V95K  , 

15K  “  2,517  ’ 


n,  =  — —  =  0.3974  . 
3  nl 


The  gain  product  K17K18  in  Eq.  37  then  becomes 


K17K18  "  §7§ffir  "  0.1751  VDC/Vrms  . 


(37a) 


The  gains  K17  and  Klg  were  distributed  as  follows: 
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:  =  0.0875  VDC/Vrms  , 

(37b) 

:1Q  =  2.000  VDC/VDC  . 

lo 

(37c) 

It  should  be  noted  here  that  the  minus  sign  associated  with 
(~n2>  implies  that  the  connections  to  the  primary  (or  secondary) 

of  that  transformer  are  interchanged  in  order  to  produce  the  proper 

sign  of  the  x  contribution  at  the  input. 


The  accelerometers  x,  y,  z  are  torque-rebalance  types  and 
their  associated  metering  resistances  are  to  be  adjusted  to  yield 

2 

a  common  scale  factor  of  (2.500  V/g)  where  g  =  32.2  ft/s 
Thus 

K  =  k.  =  K  =  2.500  V/g  or  0.07764  V/(ft/s2)  .  (40) 

a  b  c 


The  constants  Kig  and  K2Q  (roll  and  pitch  synchro  gains) 

in  Eqs.  36  and  35,  respectively,  may  be  evaluated  by  noting  that 

(K10ED)  and  (K__E  )  each  must  be  11.8  Vrms  (nominal)  when  E  = 

JLy  R  ZU  K  K 

115.0  Vrms;  hence 

K19  "  K20  '  115?0VZ,  '  °-1026  WVm8  .  (41) 


The  limiter  and  fixed  phase  shift  amplifiers  (K^  and  K^) 

in  the  roll  and  pitch  signal  channels,  in  addition  to  adjustable 
phase  shift  amplifiers  (K2  and  Kg),  provide  corresponding  signals 

to  the  demodulator  inputs  (K^  and  K^)  that  do  not  overload  the 

demodulators  at  maximum  expected  pitch  and  roll  angles  (6  and  $, 
respectively)  up  to  approximately  ±12°.  In  addition,  the  adjust¬ 
able  phase  shift  feature  permits  correction  of  any  phase  shift  in 
the  synchro  signals,  with  respect  to  the  demodulator  reference 
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signal,  at  the  demodulator  inputs.  K^  and  K^  each  have  an  as¬ 
signed  gain  of  1.038  Vrms/Vrms  (nominally)  and  a  fixed  phase  shift 

of  -135°  (nominally)  at  the  400  Hz  carrier  frequency.  K„  and  KQ 

l  o 

each  has  a  fixed  gain  of  1.000  (nominally)  and  an  adjustable  phase 
shift  ranging  between  0  and  -90°  at  the  400  Hz  carrier  frequency. 
The  gain  products  (K^I^)  and  (K^Kg)  then  are 

K  K2  =  K?Kg  =  1.038  /- 135°  to  -225°  Vrms/Vrms  at  400  Hz  . 


(42) 


The  normal  roll  and  pitch  channel  synchro  signals  appearing 
at  the  inputs  of  K^  and  K^,  respectively,  may  therefore  deviate  in 

phase  from  their  respective  correct  phases  with  respect  to  the  400 
Hz  carrier  reference  signal  by  up  to  ±45°.  These  phases  are  still 
correctable  at  the  demodulator  inputs,  where  the  phases  must  be 
correct  with  respect  to  the  400  Hz  reference  signal,  via  the  phase 
adjustments  on  K2  and  Kg  amplifiers.  This  range  of  phase  adjust¬ 
ment  should  be  more  than  adequate. 

The  demodulator  gain  magnitudes,  Kg  and  K^,  were  assigned 

the  following  values  for  signals  either  in  phase  or  180°  out  of 
phase  with  the  400  Hz  reference  signal: 


Kg  =  K9  =»  1.000  VDC/Vrms  (nominally)  . 


(43) 


The  second-order  low-pass  filters  (K^  and  K^q)  were  designed 

to  filter  out  the  demodulator  carrier  noise,  have  a  cutoff  frequency 
of  80  Hz,  and  were  assigned  the  following  DC  gains: 


K4  *  K10  =  1,000  VDC/VDC  (nominally)  . 


(44) 


and 

V 


In  Eqs.  35  and  36,  the  values  for  the  following  constants 
gains  have  been  defined  or  assigned  above:  n^  n2»  ng,  Kfl, 

V  Kl*  K2’  K3’  K4’  K7*  K8’  K9’  K10’  K17*  K18’  K19*  and  K20‘ 
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If  these  values  are  substituted  in  Eqs.  35  and  36,  the  nominal  gain 
settings  for  the  adjustable  gain  amplifiers  and  Kg  may  be  found 

as  follows  after  noting  that  =  Kc>  nominally: 


n3K17K18  0.3974(0.0875)(2. 000) _ 

KU  '  n2K20K7KgK9K10  ~  2 . 517 (0. 1026) (1 . 038) (1 . 000) (1 . 000) (1 . 000) 

=  0.2594  VDC/VDC,  nominally  ,  (45) 


n3K17K18  _  0. 3974(0. 0875)(2. 000) _ 

K5  =  nJ^LKXK,  =  2 . 517  (0. 1026)  (1 .038)  (1. 000)  (1.000)  (1 . 000) 
1  19  1  2  3  4 

=  0.2594  VDC/VDC,  nominally  .  (46) 


The  adjustments  for  gains  and  K,_  permit  tolerances  in  the 

various  gain  blocks  to  be  absorbed  so  that  Eqs.  35  and  36  may  be 
satisfied.  The  largest  gain  tolerances  are  likely  to  be  in  the 
values  of  and  K2Q,  the  synchro  gains  and  provision  is  made  to 

allow  an  adjustment  of  K,.  and  each  with  at  least  a  tolerance  of 

±25%  about  the  nominal  value  of  0.2594.  Regardless  of  the  actual 
values  of  the  various  constants  in  Eqs.  35  and  36,  excluding  Kg  and 

Kll’  Eqs*  ^  anc*  ^  should  be  satisfied  within  ±0.5%  by  appropriately 

adjusting  Kg  and  K^.  It  will  be  noted  that  misadjustments  of  6  and 

qp channel  gains,  which  are  contained  in  Eqs.  35  and  36,  respectively, 
and  appear  in  Eq.  34,  are  equivalent  to  a  misadjustment  of  the  value 
of  A  in  Eq.  24  around  the  nominal  value  of  A=l/2.  From  Fig.  8,  we 
note  that  around  A=l/2,  a  change  in  A  of  less  than  ±0.5%  (-^=0.500 
±0.0025)  causes  the  fractional  error  eg  to  change  less  than  ±0.05% 

in  the  worst  case  when  0*‘CpO.25  rad  (14.3°).  Hence,  an  error  in  the 
adjustment  of  the  0  and <p  channel  gains  of  less  than  ±0,5%  causes  a 
negligible  error  in  eg,  the  fractional  error  in  the  measurement  of 

h  . 
v 

For  the  nominal  values  of  the  constants  above,  the  signals 
at  nodes  and  N2  become 
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=  sin 


10n1K1K2K3K4K5K6Ki9 
n3K17K18 


5.00  sin  <p  VDC,  (47) 


N2  =  -sin  6 


10n2K7K8K9K1QK11K12K20 | 
n3K17K18 


=  -5.00  sin  6  VDC.  (48) 


If  cp  and  6  are  small,  sin  9,  and  sin  0^6  and  the 
ratios  (N^AP)  and  (N2/0),  for  small  rotation  angles  of  the  synchros 

from  the  null  positions  become 


^  =  5.00  VDC /rad  =  0.0873  VDC/deg,  (49) 

N2 

-  -5.00  VDC /rad  =  -0.0873  VDC/deg.  (50) 


Assuming  the  gains  and  have  been  properly  adjusted, 

the  signals  appearing  at  the  input  of  the  summing  amplifier  are 

now  in  the  correct  proportions.  These  signals  are  now  summed  at 
input  via  equal  valued,  precision  resistors;  these  resistors 

along  with  an  identical  resistance  for  the  +1  g  bias  source  appear 
as  the  input  resistors  to  a  fixed  gain  operational  amplifier,  the 
gain  of  which  has  been  set,  arbitrarily,  to  -0.700  nominally  (=  K^). 

The  individual  summing  resistors  are  matched  to  within  0.2%  so  that 
the  relative  gains  in  the  z,  y,  and  x  channels  are  maintained  over¬ 
all  within  ±1%  (this  includes  the  path  gains  in  the  y  and  x  channels). 

Since  the  accelerometer  triad  signals,  when  summed  at  the  in¬ 
put  to  K^,  sense  the  acceleration  of  gravity,  a  -1  g  signal  appears 

at  the  input  of  K13.  This  signal  is  effectively  cancelled  by  a 

positive  signal  (equivalent  to  +1  g  bias)  generated  by  a  very  stable 
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bias  source.  The  latter  should  be  stable  within  ±0.05%  due  to  all 
environments,  including  a  temperature  environment  of  ±10°C  about 
nominal  (taken  as  25°C),  and  its  rate  of  change  due  to  environmental 
changes  should  preferably  not  exceed  about  1.0  yV/s,  the  same  require¬ 
ment  for  the  z  accelerometer  offset  and  for  the  offsets  at  the  output 

of  the  multipliers  in  the  x  and  y  channels.  With  a  slight  readjust¬ 
ment  of  the  +1  g  bias  source,  all  offset  sources  generated  by  the 

multipliers  in  the  x  and  y  channels,  by  the  z,  x,  y  accelerometers, 
and  by  the  summation  amplifier  can  be  nulled  to  within  ±0.5  MV 

at  the  output  of  the  .  amplifier,  which  is  the  input  to  the 

five-stage  filter.  This  prevents  a  large  offset  from  appearing  at 
the  input  to  the  five-stage  filter;  a  large  offset  will  cause  a 
correspondingly  long  settling  time  due  to  the  turn-on  transient 
generated  in  the  filter  by  the  offset. 

To  establish  the  values  of  the  gain  constants  K, , ,  K, ,,  K._, 

14  16  15 

and  K26*  the  followin8  analysis  applies.  Since  the  gains  in  the  x 
and  y  channels  have  been  properly  proportioned  with  respect  to  the 
z  channel,  we  need  only  consider  the  z  channel  by  setting  6=0, 

<p  =  0.  If  a  vertical  acceleration  signal  of  amplitude  z^  and  angu¬ 
lar  frequency  (due  to  ship's  motion)  is  sensed  by  the  z  acceler¬ 
ometer,  it  will  produce  an  output  hw  at  block  K  output,  in  the 

absence  of  an  altimeter  signal  at  the  input  to  block  K,,,  as 
follows:  1° 


h  =  z  K  K,  _ 
w  a  13 


ht  (T.)V 

(Ta  S+l)5 


K1A  k 
16  e 


where 


8  "  j  Bj.  j 


(51) 


and  where 


z  ~  zl  sin  u^t  . 


(52) 
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Assume  that  the  angular  frequency  (w^)  of  the  ship's  verti¬ 
cal  motion  is  sufficiently  high  with  respect  to  the  five-stage 

filter  cut-off  angular  frequency  (— )  so  that  the  filter  effectively 

a 

becomes  a  double  integrator  producing  a  signal  proportional  to  ver¬ 
tical  height  hv,  where 

h  =  h  ,  sin  w,t  ,  (53) 

v  vl  1 

where:  h  ^  =  amplitude  of  vertical  height,  and  where,  by  integrating 
Eq.  52  twice 


However,  the  amplitude  of  the  hw  output  should  be  just  h^ 
at  angular  frequency  in  the  absence  of  an  altimeter  signal. 
Thus,  if  we  let  s  =  ja^,  j  =  /-l",  z  =  amplitude  of  vertical  accel¬ 
eration  =  z. ,  u-T  »  1,  Eq.  51  reduces  to 
1  1  3 


h 

w 


KLX.L.K 
a  13  14  16  e 


(55) 


Comparing  Eqs.  55  and  54,  we  see  that  for  the  h  output  at 

w 

the  output  of  block  Kg  to  be  the  true  vertical  height  motion  of 

amplitude  h^,  In  the  absence  of  an  altimeter  path  signal,  we 
require 


KK.X.K.l  =  1  . 
a  13  14  16  e 


(56) 


Ka’  K13’  Ke  *n  have  been  previously  assigned  so  that 

an<*  are  t0  be  assigned  values  consistent  with  Eq1.  56.  Thus 
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Kg  =  2.500  VDC/g  =  0.07764  VDC/(ft/s2)  with  g  =  32.2  ft/s2 

K,_  =  -0.700  VDC/VDC ;  K  =1.000  ft/VDC 
13  e 


14  16  0.07764(-0. 700) (1.000) 


=  -18.40  (VDC  rad2) / (VDC  s2). 


The  five-stage  filter  consists  of  three  high-pass  and  two 
low-pass  cascaded  first-order  filters,  each  with  a  cut-off  angular 

frequency  (— ) .  This  filter  G^(s)  is  constructed  with  five  oper- 
a 

ational  amplifiers  having  transfer  functions  cascaded  as  follows: 


HP  LP  HP  LP 

Filter  Filter  Filter  Filter 


HP 

Filter 


„  5  3 

K1  T  s 
14  a 


(x  s+1)' 
a 


(58) 


It  will  be  noted  in  Eq.  58  that  the  high-frequency  gain 
(i.e.,  when  »  1  with  s=jw)  of  each  high-pass  filter  is  -1.000 

VDC/VDC  nominally,  while  the  low-frequency  gain  (i.e.,  when  u>xa 

<<  1)  of  each  low-pass  filter  is  (-K  x  ).  x  has  been  assigned 

m  a  a 

the  value  of  4  s  nominally.  To  keep  the  low-frequency  gain  of 
each  low-pass  filter  within  reasonable  bounds  (-K  x  )  was  assigned 

ion  m  a 

the  value  of  -50.0  VDC/VDC,  so  that  Km  =  =  2.50  (VDC  rad/VDC  s)  , 

=  -K^2  =  -6.25  (VDC  rad2/VDC  s2).  With  =  -6.25  (VDC  rad2/VDC  S2) 
we  can  now  find  in  Eq.  57: 
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K16  =  -  6  25  =  2,944  VDC//VDC  *  (59) 

Since  the  five-stage  filter  has  component  tolerances,  in 

each  stage  will  not  be  exactly  20  s  and  may  deviate  by  as  much  as 

6%  from  the  desired  4  s  value.  Also,  the  high-frequency  gain  of 

the  high-pass  filters  each  will  not  be  exactly  -1.000  VDC/VDC. 

Furthermore,  there  is  a  tolerance  on  K  in  each  low-pass  filter. 

m 

Thus  is  subjected  to  rather  wide  tolerances,  and,  as  a  conse¬ 
quence,  must  be  made  adjustable  to  absorb  these  tolerances  so 

that  Eq.  56  may  be  satisfied  to  withir  ±0.5%. 

The  values  of  gain  constants  K. c  and  K-,  may  now  be  estab- 

13  ZD 

lished.  Since  the  scale  factor  at  the  output  of  K_,  is  1.00  VDC/ft, 

lo 

the  equivalent  scale  factor  at  K,.  input  is  1.00  (VDC/ft) /K, ,  or 

lo  lo 

1.00  (VDC/f t) /2 . 944  =  0.3397  VDC/ft  (nominally).  But  at  the  output 
of  K  the  scale  factor  desired  is  1.00  VDC/ft.  Consequently, 

(0.3397  VDC/ft)  K15  =  1.00  VDC/ft,  and  therefore  K  =  2.944  VDC/VDC 

nominally.  Since  has  wide  tolerances,  the  scale  factor  at  the 

input  to  blocks  K^,.  and  is  also  subject  to  wide  tolerances. 

Hence  must  be  made  adjustable  to  absorb  these  tolerances  so  that 

the  scale  factor  at  output  is  the  desired  value  within  ±0.5%. 

K2g  represents  an  rms-to-DC  converter.  It  is  an  Analog  De¬ 
vices  model  AD536J  integrated  circuit  true  rms-to-DC  converter. 

Its  function  is  to  determine  the  rms  value  of  the  instantaneous 
wave  height,  which,  by  definition,  is 


(60) 


where  h  (t)  is  the  instantaneous  value  of  wave  height  and  (T„  -  T  ) 
w  Z  1 

is  the  averaging  time  interval.  This  equation  is  essentially  solved 
by  the  true  rms-to-DC  converter  if  the  internal  time  constant  of  the 
low-pass  filter  contained  in  the  converter  is  much  greater  than  the 
longest  period  of  the  input  signal.  That  is,  the  filter  cutoff  fre¬ 
quency  should  be  much  lower  than  the  lowest  wave  frequency  encoun¬ 
tered.  The  output  of  the  converter  is  a  DC  voltage  that  represents 
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the  rms  value  of  the  wave  height.  The  converter  gain  is 

1.00  VDC/Vrms.  Since  the  scale  factor  at  K,,  output  has 

ib 

1.00  VDC/ft,  this  is  equivalent  to  1.00  Vrms/ft  rms,  and 
that  the  scale  factor  at  the  output  of  K ^  is  1-00  VDC/ft  rms. 

^he  remaining  gains  to  be  determined  or  assigned  are  re¬ 
lated  to  the  altimeter  paths  in  Fig.  12.  The  altimeters,  either  of 
which  may  be  selected  by  the  altimeter  select  switch,  have  scale 
factors  that  may  range  between  0.100  and  0.250  VDC/ft.  Consequently, 
a  means  for  normalizing  the  gain  to  the  switch  select  point  is  re¬ 
quired.  The  three-stage  amplifier  following  each  altimeter  output 
is  designed  for  this  purpose  and  has  other  features  as  well.  The 
three-stage  amplifier  consists  of  a  buffer  amplifier,  scale  adjust¬ 
ment  amplifier,  and  an  offset  adjustment  amplifier.  The  buffer  amp¬ 
lifier  nominally  has  a  gain  of  -1.000  VDC/VDC  and  has  a  high  input 
impedance  (1  MSI)  so  that  the  loading  on  each  altimeter  is  insignifi¬ 
cant.  The  second  stage  or  scale  adjustment  amplifier  has  a  gain  ad¬ 
justment  that  permits  normalization  of  the  scale  at  the  output  of 
the  third  stage  to  -0.250  VDC/ft.  The  third  stage  has  a  height  off¬ 
set  adjustment  that  permits  compensation  for  any  altimeter  positive 
height  offset  in  the  range  0  to  31  ft. 

Including  any  altimeter  height  offset,  the  minimum  linear 
range  of  the  three-stage  amplifier  is  0  to  40.0  ft  if  the  altimeter 
scale  factor  ranges  between  0.100  and  0.210  VDC/ft;  if  the  scale 
factor  ranges  between  0.210  and  0.250  VDC/ft,  the  minimum  linear 
range  decreases  linearly  from  0  to  40.0  ft  to  0  to  33.6  ft.  The 
first  stage  has  a  limit  level  that  becomes  activated  before  the 
second  stage  reaches  its  dynamic  range  limitation,  whenever  the 
altimeter  scale  factor  ranges  between  0.210  and  0.250  VDC/ft.  For 
scale  factors  below  0.210  VDC/ft,  the  dynamic  range  limitation  of 
the  second  stage  becomes  effective  before  the  limit  level  is  reached 
in  the  first  stage. 

The  output  of  the  single-stage  high-pass  filter  in  the  altim¬ 
eter  signal  path,  which  is  the  input  to  amplifier  K. ,,  must  have  the 

Id 

proper  scale  factor  so  that  the  ship's  motion  (-h  )  sensed  by  the 

altimeter  may  cancel  exactly  the  signal  due  to  the  ship's  motion 
sensed  by  the  accelerometer  triad  and  appearing  at  the  input  to 
Kj^.  The  nominal  scale  factor  at  the  input  has  previously 

been  shown  to  be  0.3397  VDC/ft.  Hence  at  high  frequencies  where 
w  >>  (1/t^),  I/t^  being  the  cutoff  angular  frequency  of  the  high- 

pass  filter,  must  satisfy  the  following  requirement: 


K26  and  K26 
been  set  to 

it  follows 
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K 


23 


0.3397  (VDC/ft) 
-0.250  (VDC/ft) 


=  1.359  VDC/VDC  (nominally)  . 


(61) 


T,  was  chosen  to  be  approximately  25.5  s,  corresponding  to  a  high- 
fa 

pass  filter  cutoff  frequency  of  0.0062  Hz  (approximately). 

The  widest  tolerance  of  is  approximately  ±2%.  As  noted 

previously,  K.^,  the  gain  constant  associated  with  the  five-stage 

filter  in  the  accelerometer  path  has  a  wide  tolerance.  Consequently, 
in  order  to  obtain  precise  cancellation  of  the  ship's  motion  when 
the  signal  from  the  altimeter  path  is  summed  with  the  signal  from 
the  accelerometer  path  at  the  input  of  amplifier  (which  is  an 

operational  amplifier),  it  is  necessary  to  alter  the  ratio  of  the 
summing  resistors  at  input.  For  this  purpose,  the  input 

summing  resistor  ratio  is  made  adjustable.  As  noted  previously, 
the  K, ,  amplifier  also  has  a  scale  factor  adjustment  so  that  the 

ID 

desired  scale  factor  at  the  amplifier  output  can  be  obtained. 

The  remaining  path  in  which  gain  constants  are  to  be  estab¬ 
lished  is  the  altimeter-ship's  mean  height  (+hQ)  path.  At  the 

buffer  amplifier  K25  output,  a  scale  factor  of  +0.500  VDC/ft  is 

required.  Since  the  scale  factor  at  the  single-stage  low-pass 
filter  input  is  -0.250  VDC/ft,  it  follows  that  the  product  of  the 
DC  gain  constants  K,^  and  must  be 


K24K25 


+0.500  VDC/ft 
-0.250  VDC/ft 


=  -2.00  VDC/VDC 


(62) 


Buffer  amplifier  K25  is  a  unity  gain  (+1.00  VDC/VDC)  ampli¬ 
fier  driving  the  load.  Consequently  has  been  assigned  a  gain  of 

-2.00  VDC/VDC.  This  gain  has  been  made  adjustable  via  a  trim  resis¬ 
tor  to  absorb  component  tolerances.  The  time  constant  t  of  the  low- 

c 

pass  filter  has  been  chosen  to  be  approximately  25.5  s  corresponding 
to  a  filter  cutoff  frequency  of  0.0062  Hz  (approximately). 
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CIRCUIT  DESCRIPTIONS 

This  section  will  deal  with  the  circuit  descriptions  of  the 
various  blocks  shown  on  Fig.  12. 

Card  #8,  Fig.  A8-1.  Schematic  of  x,  y  Accelerometer  Scaling  Coordinate 
Conversion  and  DAS  Buffer 

The  outputs  of  the  Sundstrand  accelerometer  triad,  x,  y, 

and  z  shown  in  Fig.  12  are  combined  after  multiplication  in  the  x 

and  y  channels  in  the  summing  amplifier  along  with  the  +1  g 

bias  source.  Figure  A8-1  is  a  schematic  of  the  unity  gain  buffer 

amplifier  and  Intronics  M311  multiplier  used  in  the  x  and  y  channels 

(Note:  the  x  and  y  channel  blocks  are  identical  and  hence  only  one 
schematic  covering  either  channel  is  shown)..  Also  shown  in  Fig.  12 
and  Fig.  A8-1  is  a  buffer  amplifier  having  a  gain  of  +8.00  VDC/VDC, 
the  output  of  which  is  sent  to  DAS.  The  scale  factor  at  its  input 
is  that  of  the  accelerometer  (K,  or  Kc) ,  which  is  2.500  V/g.  The 

scale  factor  of  the  signal  sent  to  DAS  is  therefore  20.0  V/g. 

In  Fig.  A8-1,  the  scale  factor  of  the  x  or  y  accelerometer 
is  set  by  means  of  the  net  loading  resistance  across  the  accelerom¬ 
eter  output.  This  resistance  consists  of  the  series  combination 

of  the  1.50K  0  and  R^R^)  resistors  (  where  applies  to  y  chan¬ 
nel  and  R^  applies  to  x  channel) .  The  nominal  scale  factor  of 

each  accelerometer  is  1.33  MA/g  and  hence  a  nominal  net  loading 
resistance  of  1875  ft  is  required  to  yield  the  desired  scale  factor 
of  2.500  V/g.  Since  the  accelerometer  scale  factors  have  a  ±10% 
tolerance,  the  net  loading  resistance  could  range  between  1705  and 
2083  ft.  Ra(R^)  is  thus  a  trim  resistor  to  be  selected  to  yield 

the  2.500  V/g  scale  factor  to  within  ±3%.  A  ±3%  tolerance  will 

yield  an  error  in  the  measurement  of  h  of  less  than  0.01  ft  in 

w 

the  worst  case  when  0  =  9  =  h  radian  and  when  h  =  5  ft.  The 

v 

1.5K  ft  fixed  resistor  and  Ra(R^)  can  each  have  a  temperature  co¬ 
efficient  of  better  than  ±100  ppm/°C  (a  normal  tolerance).  If 
we  assume  a  ±10°C  ambient  temperature  environment,  the  maximum 
scale  factor  change  would  be  ±0.1%,  which  is  small  compared  to 
the  initial  adjustment  tolerance. 
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The  gain  of  8.00  VDC/VDC  amplifier  yielding  the  20  V/g 
signal  to  DAS  uses  an  LM108AH,  which  is  a  low  offset  IC.  (inte¬ 
grated  circuit)  DC  operational  amplifier  (DCOA) .  Including  a 
±10°C  change  in  ambient  temperature,  the  output  offset  should  be 
within  0.000  ±0.007  V  corresponding  to  an  offset  of  ±350  yg  maxi¬ 
mum,  which  is  negligible.  The  gain  of  8.00  VDC/VDC  is  obtained 
within  ±0.5%  by  properly  selecting  R^,  (having  a  nominal  value  of 

200K  £2)  as  indicated  in  Note  4  of  Fig.  A8-1.  The  5.11K  £2  resistor 
at  the  LM108AH  output  is  to  protect  the  amplifier  in  the  event  that 
the  output  lead  to  DAS  is  inadvertently  shorted  to  ground.  The 
input  impedance  of  the  DAS  load  is  assumed  to  be^l  M£2,  so  that  the 
loading  error  will  not  exceed  about  0.5%.  At  the  input  of  the  am¬ 
plifier  is  a  first-order  low-pass  filter,  formed  by  the  909K  L  re¬ 
sistor  and  180  pF  capacitor,  which  has  a  cutoff  frequency  of  about 
97  Hz.  At  20  Hz,  the  input  impedance  of  the  filter,  which  loads 
the  [1.5K  £2  +  R^(R^) ]  resistance  tending  to  change  the  scale  factor 

of  the  accelerometer  output,  is  approximately  4500K  £2  reactive. 

This  produces  a  scale  factor  change  of  less  than  0.01%,  which  is 
negligible. 

The  LM108AH  buffer  amplifier  driving  the  multiplier  in  Fig. 
A8-1  has  a  very  high  input  impedance  at  low  frequencies  and  hence 
does  not  load  the  loading  resistance  [1.5K  £2  +  R^R^)]  across  the 

accelerometer  output.  The  amplifier  is  connected  as  a  voltage  fol¬ 
lower  and  has  unity  gain  (+1.00  VDC/VDC).  Its  output  drives  the 
11311  multiplier  "X"  input,  which  has  a  10  M£2  input  impedance.  The 
output  offset  of  this  amplifier  is  less  than  6  MV,  which  includes  a 
±10°C  ambient  temperature  change.  The  output  offset  drift  rate  at 
the  multiplier  output,  due  to  the  multiplier  and  any  offset  drift 
rate  at  its  X  and  Y  inputs,  should  be  less  than  1.4  yV/s  (->1.0  yV/s 
at  input  to  five-stage  filter)  in  order  not  to  incur  errors  in  the 

XY 

measurement  of  h  exceeding  0.05  ft.  Since  E_  =  -rfr,  correspondingly 
W  10E  U  U 

the  X  input  drift  rate  should  not  exceed  — —  with  the  Y  input  at 


its  maximum  value,  and  the  Y  input  drift  rate  should  not  exceed 
10E0 

— ^ —  with  the  X  input  drift  rate  at  its  maximum  value.  Since  y  = 


h  sin  <|>  with  h  =  1  g  (DC),  <p  =  k  rad  maximum,  y(max)  =  0.247  g. 
Likewise,  x  =  h  sin  0  with  h  =  1  g  (DC),  9  =  h  rad  maximum,  so  that 


x(max)  =  0.247  g.  For  the  scale  factor  2.5  V/g,  y(max)  =  x(max)  = 
0.618  V  maximum  appearing  at  the  X  input  of  the  M311  multiplier. 
The  voltage  signal  appearing  at  the  Y  input  is  5  sin  0  V  for  the 
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pitch  channel  and  5  sin  4-  V  for  the  roll  channel  (the  signals  at 
Pin  5  in  Fig.  A8-1  are  respectively  10  sin  Cj.  V  and  10  sin  V). 

Hence  the  maximum  signal  appearing  at  the  Y  input  for  0  =  (,.  =  h  rad 
maximum  is  just  5  sin  (h  rad)  =  1.24  V.  Using  these  values,  we  con- 

10(1.4  yV/s)  _ 
0.618 


elude  that  the  X  input  drift  rate  should  not  exceed 


22.7  yV/s.  Also,  the  Y  input  drift  rate  should  not  exceed 

^ =11.3  yV/s.  At  Pin  5  input  this  drift  rate  should 

not  exceed  2(11.3)  =  22.6  yV/s  since  the  two  14. 7K  resistors  form 
an  attenuator  with  gain  (1/2).  This  attenuator  represents  the  gain 
K&  (K^)  in  Fig.  12.  Thus,  the  output  offset  drift  rate  of  the 


LM108AH  buffer  amplifier  driving  the  multiplier  X  input  should  not 
exceed  22.7  yV/s.  With  temperature  changes,  the  output  offset 
drift  rate  of  the  LM108AH  DCOA  should  not  exceed  5.2  yV/°C,  so 
that  ambient  temperature  changes  should  be  held  to  less  than 
(22.7  yV/s)/(5.2  yV/°C)  =  4.4°C/s.  This  is  not  a  severe  require¬ 
ment  at  all;  however,  the  equipment  should  be  insulated  to  pre¬ 
clude  rapid  ambient  temperature  changes.  For  the  LM108AH,  the 
output  offset  changes  by  less  than  2.4  yV  for  a  1%  change  in  either 
supply  voltage.  For  a  maximum  of  22.7  yV/S  change,  either  supply 
should  not  change  by  more  than  (22.7  yV/s)/(2.4  yV/1%)  =  9.5%/s. 
Since  the  supplies  are  well  regulated  and  have  a  maximum  tempera¬ 
ture  coefficient  of  0.015%/°C,  the  output  offset  changes  of  the 
LM108AH  buffer  amplifier  driving  the  multiplier,  due  to  sensitivity 
to  power  supply  changes,  are  negligible. 


The  output  offset  drift  rate  of  the  multiplier  itself  should 
not  exceed  1.4  yV/s.  As  previously  indicated  the  Intronics  M311 
multiplier  has  a  maximum  output  offset  temperature  coefficient  of 
20  yV/°C,  so  that  the  ambient  temperature  should  not  be  allowed  to 
change  faster  than  (1.4  yV/s)/(20  y/°C)  =  0.07°C/s  or  4.2°C/min. 

As  previously  indicated  (see  p.  69)  the  output  offset  drift 
rate  of  the  multiplier  due  to  power  supply  changes  (i.e.,  changes 
in  the  +15  V  and  -15  V  supplies)  can  be  held  to  less  than  1.0  yV/s 
if  the  drift  rate  of  the  supplies  does  not  exceed  6  MV/s.  This  is 
not  a  severe  requirement.  If  all  equipment  (power  supplies,  DCOA's, 
multipliers,  etc.)  are  given  sufficient  warm-up  time  (such  as  a 
minimum  of  15  min)  the  drift  rate  should  be  under  1.4  yV/s  at  the 
output  of  the  multiplier  due  to  all  causes. 


Card  #  1,  Fig.  A1-1,  MCU  z  Accelerometer  Scaling,  1g  Bias  and  Summing 
Amplifier 


Figure  Al-1  is  a  schematic  of  the  z  channel  buffer  amplifier 
that  provides  a  signal  to  DAS.  Also  shown  are  the  summing  amplifier 
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°f  fig-  12  and  the  +1  g  stable  bias  source.  The  outputs  of 

the  multipliers  of  Fig.  A8-1  drive  inputs  at  Pins  4  and  6  in 
Fig.  Al-1 . 

The  buffer  amplifier  driving  DAS  has  a  gain  of  0.2  VDC/VDC. 

The  scale  factor  at  its  input,  which  is  that  for  the  z  accelerom¬ 
eter  input  (K  in  Fig.  12),  is  2.5  VDC/g.  Consequently  the  scale 

fl 

factor  at  the  output  of  the  buffer  amplifier  is  0.500  VDC/g. 

In  Fig.  Al-1  the  scale  factor  for  the  z  accelerometer  is 
set  by  the  net  loading  resistance  across  the  accelerometer  output. 
This  net  resistance  consists  of  the  parallel  combination  of  (1.5K 

ft  +  R&) ,  (R^  +  R^),  and  R^.  The  nominal  scale  factor  of  the  z  ac¬ 
celerometer  is  1.33  MA/g  with  a  ±10%  tolerance.  The  net  loading 
resistance  should  range  between  1705  and  2083  ft,  with  a  mean  value 
of  1875  ft,  for  the  desired  scale  factor  of  2.500  V/g.  R&  is  a 

trim  resistor  to  be  selected  to  yield  the  2.500  V/g  scale  factor 
with  ±0.2%.  A  ±0.2%  tolerance  will  yield  an  error  in  the  measure¬ 
ment  of  h  of  less  than  0.01  ft  when  h  =  5  ft  maximum.  The  com- 
w  v 

bined  temperature  coefficient  of  the  1.5K  ft  and  R  resistances  in 

3 

series  should  be  chosen  with  care.  Assuming  a  ±10°C  ambient  tem¬ 
perature  change,  if  these  resistances  change  by  ±0.2%  due  to  tem¬ 
perature  changes,  the  corresponding  error  in  the  measurement  of  h 

w 

would  be  0.01  ft  when  hy  =  5  ft  maximum.  This  would  call  for  a 

combined  temperature  coefficient  not  exceeding  ±200  ppm/°C.  How¬ 
ever,  this  is  not  the  only  criterion  by  which  the  temperature  co¬ 
efficient  should  be  selected.  As  indicated  earlier,  the  rate  of 
change  of  any  DC  offset  appearing  at  the  five-stage  filter  input 
should  preferably  be  of  the  order  of  1.0  yV/s  or  less  so  that  h 

w 

measurement  errors  of  less  than  0.05  ft  are  incurred.  Since  the 
summing  amplifier  in  Fig.  Al-1  drives  the  five-stage  filter  and 

has  a  nominal  gain  of  magnitude  of  0.700  to  the  z  accelerometer 
output  signal,  the  corresponding  allowable  rate  of  change  of  DC 
offset  referred  to  the  accelerometer  output  signal  is  (1.0  yV/s)/ 
0.700  =  1.4  yV/s.  The  rate  of  change  of  DC  offset  at  the  acceler¬ 
ometer  terminals  (excluding  that  due  to  the  accelerometer  itself) 
is  due  to  three  sources: 

1.  The  presence  of  an  initial  (approximately)  1  g  DC  bias 

at  the  z  accelerometer  output.  The  actual  output  will 
in  general  be  slightly  lower  than  1  g  depending  on  0 
and  <}>  angles  but  for  0=>e>  rad,  the  DC  bias  will  be 
within  7%  of  1  g  and  hence  is  essentially  1  g  (-*■  2.50  V). 
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2.  The  presence  of  DC  bias  current  at  the  (+)  input  of 
the  LM108AH  buffer  amplifier;  and 

3.  The  presence  of  DC  bias  current  at  the  input  to  the 
Philbrick  model  1701  DCOA. 


With  respect  to  the  1  g  DC  bias  at  the  output  of  the  z  ac¬ 
celerometer,  this  develops  approximately  (depending  on  0  and  V 
angles)  2.50  V  across  the  (1.5K  ft  +  R  )  resistors.  If  we  desire 

cl 

that  the  rate  of  change  of  DC  offset  not  exceed  1.4  pV/s,  then 
these  resistors  should  not  change  by  more  than  (1.4  yV/s)/2.50  V 
=  0,56  ppm/s  due  to  ambient  temperature  changes.  This  calls  for 
precision  resistors  with  low  temperature  coefficients.  If  the 
temperature  coefficient  is  better  than  ±5  ppm/°C  for  the  combined 
resistance  (1.5K  ft  +  R  ),  then  the  maximum  allowable  rate  of 

Si 

change  of  ambient  temperature  would  be  (0.56  ppm/s)/ (±5  ppm/°C) 

=  ±0.11°C/s  or  ±6.7°C/min,  a  value  that  should  be  achievable  as¬ 
suming  the  equipment  is  suitably  insulated  from  the  external  en¬ 
vironment.  The  1.5K  fixed  resistor  should  be  selected  to  meet 
the  ±5  ppm/°C  temperature  coefficient  requirement.  R  ,  which  is 

much  smaller  than  1.5K  ft  (not  exceeding  2083-1500  =  583  ft,  where 
2083  ft  is  the  upper  limit  for  the  net  loading  resistance  when  the 
accelerometer  is  on  the  -10%  limit  of  its  tolerance),  may  have  a 
temperature  coefficient  proportionally  higher  and  hence  may  be  as 
high  as  (1500/583) (±5  ppm/°C)  =  ±12.9  ppm/°C.  If  R  were  205  ft, 

corresponding  to  the  +10%  limit  of  the  accelerometer  tolerance, 
its  temperature  coefficient  would  need  only  be  ±36.5  ppm/°C. 


In  Fig.  Al-1  it  will  be  noted  that  the  accelerometer  out¬ 
put  drives  resistance  R^  (nominally  1  Mft) .  This  resistance  must 

also  have  a  low  temperature  coefficient  of  resistance  for  the  same 
reason  given  for  (1.5K  ft  +  R  )  resistance.  A  change  in  current 

through  R^  caused  by  a  change  in  causes  a  change  of  DC  offset 

because  approximately  2.50  V  bias  (+  1  g  bias)  is  applied  to  this 
resistor.  The  effect  is  identical  to  that  caused  by  a  change  in 
the  (1.5K  ft  +  R  )  resistance  and  hence  the  temperature  coefficient 

of  should  be  better  than  ±5  ppm/°C.  Likewise,  the  +1  g  bias 


voltage  developed  by  the  stable  bias  voltage  source  is  applied 
through  R  (1  Mft  nominally)  to  the  summing  amplifier  (Philbrick 

O 

model  1701).  Changes  in  R  have  an  effect  identical  to  changes 

8 

in  R^  and  the  (1.5K  ft  +  R&)  resistance.  Hence  R  should  have  a 

8 

temperature  coefficient  better  than  ±5  ppm/°C. 
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With  respect  to  the  presence  of  DC  bias  current  at  the  (+) 
input  of  the  LM108AH  buffer  amplifier,  this  current  produces  a  volt¬ 
age  across  the  (1.5K  ft  +  R  )  resistance.  If  this  bias  current  is 

Ib.^,  the  voltage  produced,  E^,  is  to  a  good  approximation 


E 


bl 


(1.5K  +  R  )  . 
a 


(63) 


For  the  values  given  in  Fig,  Al-1,  this  becomes  (with  R  = 
583  ft)  a 


hi  =  417  Ibl  * 


(63a) 


The  bias  current  I  has  a  maximum  temperature  coefficient 
-12 

of  about  17(10  )  A/°C.  Consequently  E^  can  change  due  to  tem¬ 
perature  changes  by:  =  417(17)10~12  =  7.1(10~9)  V/°C.  Efcl  is 

allowed  to  change  by  no  more  than  1.4  yV/s,  so  that  the  maximum  rate 
of  change  of  ambient  temperature  for  the  LM108AH  becomes  (1.4  yV/s)/ 
_q 

[7.1(10  )  V/°C]  =  197°C/s.  Since  temperature  changes  this  rapid 

would  never  occur,  we  conclude  that  bias  current  changes  in  the 
LM108AH  are  of  no  significance  with  respect  to  the  rate  of  change 

of  offset  allowable  at  the  z  accelerometer  terminals. 


With  respect  to  DC  bias  current  changes  at  the  input  to  the 
Philbrick  DCOA,  this  current  (Ib2)  Produces  an  equivalent  bias  volt¬ 
age  E^2  across  the  (1.5  ft  +  Rfl)  resistance.  This  voltage  can  be 
shown  to  be 


^b2  Ib2  Rd  * 


(64) 


The  bias  current  I,  _  has  a  maximum  temperature 
-12 

of  1(10  )  A/°C.  Consequently  E^  can  change  due  to 

changes  by:  Eb2  =  1(10"12) (1)10~6  =  1.0  (10-6)  V/°C. 


coefficient 

temperature 

if  Eb2  is 
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allowed  to  change  by  no  more  than  1.4  pV/s,  the  maximum  rate  of  am¬ 
bient  temperature  for  the  Philbrick  DCOA  becomes  (1.4  pV/s) / [ 1 . 0 (10  **) 
V/°C]  =  1.4°C/s.  This  is  not  a  severe  requirement  at  all  but  the 
DCOA  should  be  insulated  from  the  external  environment  to  preclude 
it  from  seeing  rapid  ambient  temperature  changes. 

As  shown  in  Fig.  Al-1  the  buffer  amplifier  driving  the  DAS 
load  has  a  gain  of  0.200  VDC/VDC  by  virtue  of  the  input  attenuator 
network  consisting  of  and  R^.  This  attenuator  has  a  gain  of 

0.200  VDC/VDC  while  the  amplifier  itself  from  its  (+)  input  to  its 
output  has  a  gain  of  +1.000  VDC/VDC,  yielding  an  overall  gain  of 
+0.200  VDC/VDC.  The  5.11K  0  resistance  between  the  amplifier  out¬ 
put  and  the  DAS  load  protects  the  amplifier  against  inadvertent  DAS 
load  shorts.  It  is  assumed  that  the  DAS  load  normally  is  ^  1  MO  so 
that  the  loading  error  on  the  signal  does  not  exceed  about  0.5%. 

The  Philbrick  model  1701  summing  amplifier  has  a  nominal 
closed  loop  gain  of  (-0.700)  to  each  input  signal;  this  gain  is 
set  by  the  ratio  of  the  feedback  resistor  (700K  0)  to  each  input 
resistor  (1  M0).  This  amplifier  was  chosen  for  this  application 
because  of  its  low  DC  offset  voltage  and  current.  Its  temperature 
coefficients  are  0.25  pV/°C  for  offset  voltage  and  1  pA/°C  for 
offset  (bias)  current.  The  effect  of  bias  current  has  been  ex¬ 
plained  above  where  it  was  shown  that,  for  this  bias  current  tem¬ 
perature  coefficient,  the  ambient  temperature  could  change  up  to 
a  rate  of  1.4°C/s  without  exceeding  the  maximum  desired  1.0  pV/s 
drift  rate  at  the  input  to  the  five-stage  filter.  With  regard  to 
the  offset  (bias)  voltage,  a  0.25  pV/°C  temperature  coefficient  at 

the  amplifier  input  ("IN")  node  is  equivalent  to  j\+  (lOOOK/4)] 

(0.25)  =  0.95  pV/°C  at  the  amplifier  output  (=  input  to  five-stage 
filter).  For  a  1.0  pV/s  maximum  drift  rate  at  the  five-stage  filter 
input,  the  ambient  temperature  of  the  amplifier  could  change  at  a 
maximum  rate  of  (1.0  pV/s)/(0,95  pV/°C)  =  l.l°C/s.  Again,  this  is 
a  rather  fast  temperature  change  that  will  not  exist  in  practice 
and  should  present  no  problem  if  the  DCOA  is  insulated  properly 
from  the  external  environment. 

The  temperature  coefficients  on  the  nominally  1  M0  resistors 
connected  to  inputs  and  in  Fig.  Al-1  at  the  summing  amplifier 

input  may  be  established  as  follows.  The  maximum  signal  that  could 
appear  at  either  Eg  or  E^  input  is  (5  sin  9)  V  or  (5  sinV)V,  respec¬ 
tively.  For  6  =  9  =  \  rad  maximum,  this  signal  would  be  1.24  V. 
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Since  the  maximum  allowable  drift  rate  at  E,  or  E  input  is  1.4  pV/s 

a  e 

the  resistance  change  should  not  exceed  (1.4  pV/s)/(1.24  V)  = 

1.1  ppm/s.  If  Rg  and  each  have  temperature  coefficients  of 

±10  ppm/°C,  then  the  rate  of  change  of  ambient  temperature  could 
be  as  high  as  (1.1  ppm/s)/(±10  ppm/°C)  =  ±0.11°C/s  or  ±6.7°C/min; 
this  is  the  same  ambient  temperature  rate  calculated  for  and 

R  cases  and  should  be  achievable  assuming  the  equipment  is  suit- 
g 

ably  insulated  from  the  external  environment. 


The  stable  bias  voltage  source  in  Fig.  Al-1  must  be  capable 
of  generating  a  voltage  that  can  cancel  the  nominal  (-1  g)  bias 
voltage  sensed  by  the  accelerometer  triad  and  any  DC  offsets  gen¬ 


erated  by  the  z  accelerometer  and  the  signals  from  the  roll  and 
pitch  channels  that  are  applied  to  nodes  E^  and  E^,  respectively. 


In  addition,  this  voltage  must  cancel  any  DC  offset  generated  by 
the  summing  amplifier.  In  practice,  the  bias  source  should  be  ad¬ 
justable  so  that  the  output  voltage  at  node  E  can  be  adjusted  to 


0.0  ±0.5  MV. 


A  zero  or  at  most  a  small  DC  output  offset  at  node  E 


g 


is  desired  in  order  to  limit  the  transient  voltage  excursions  at 
the  output  of  the  five-stage  filter,  which  is  driven  by  voltage 

E  ,  when  the  equipment  is  first  turned  on. 

8 


The  1N938B  and  1N4579  zener  diodes  are  low  temperature  co¬ 
efficient  zener  diodes  and  are  used  to  control  the  voltage  excur¬ 
sions  at  node  E ^  to  within  the  tolerances  required  such  that  volt¬ 
age  Ej.  does  not  vary  by  more  than  1.4  pV/s  due  to  ambient  tempera¬ 
ture  changes.  The  1N938B  diode  has  the  following  characteristics: 


E  .  =  9.0  V  ±5%;  R  .  *  30  n  @  I  =  7 . 1  MA; 
zl  zl  zl 

Temperature  coefficient  of  voltage:  ±0.001%/°C. 


The  1N4579  diode  has  the  following  characteristics: 


Ez2  -  6.4  V  ±52;  Rz2  a  50  0  S  Ii2 


2.0  MA; 


Temperature  coefficient  of  voltage:  ±0.0005%/°C. 
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The  bias  voltage  source  network  resistances  are  chosen  such 
that  +1  g  bias  voltage,  -+  +2.50  V  nominally,  is  developed  at  node 
E  with  the  ability  to  adjust  Ef  via  potentiometer  PI  such  that  all 


amplifier  offsets  and  summing  amplifier  circuit  tolerances  may  be 
trimmed  out  with  respect  to  DC  offset.  This  trimming  would  permit 

E  to  be  set  to  0.0  MV  within  ±0.5  MV.  Close  to  0.5  MA  is  passed 
g 


through  Rw,  Rx,  Ryf  and  PI  to  develop  the  required  2.50  V.  Assum¬ 
ing  nominal  values,  E  _  =  6.400  V,  R  =  7.80K  ft,  R  =  4.42K  ft, 

ZL  W  X 

PI  »  50  ft  (i.e.,  with  PI  at  midposition),  then  for  E^  =  2.500  V, 


Ry  nominally  must  be  529  ft.  For  the  actual  component  values  used 
in  this  system,  R^  was  adjusted  to  357  ft  as  indicated  in  Fig.  Al-1. 


R  is  trimmed  so  that  the  null  at  node  E  occurs  with  P..  set  in 

y  g  1 

midposition.  Final  trimming  is  performed  with  PI;  PI  has  a  reso¬ 
lution  in  the  adjustment  of  Eg  of  about  0.13  MV  with  an  approxi¬ 
mate  range  of  adjustment  of  ±6.5  MV  about  midposition.  Ry  is 

chosen  such  that  for  the  actual  measured  values  of  E  .  and  E  „, 

zl  z  l 

the  zener  current  for  the  1N4579  diode  is  close  to  its  2.0  MA  rated 
operating  current  in  order  to  avail  ourselves  of  its  very  low  tem¬ 
perature  coefficient  of  voltage.  Rt  is  chosen  such  that  for  the 


actual  measured  value  of  E^,  assuming  the  +15  V  DC  supply  to  the 

network  is  within  ±1%  of  +15  V,  the  zener  current  for  the  1N938B 
diode  is  close  to  its  7.5  MA  rated  operating  current  in  order  to 
avail  ourselves  of  its  low  temperature  coefficient  of  voltage. 


If  we  assume  E^  bias  voltage  was  allowed  to  vary  a  maximum 

of  1.4  yV/s,  in  order  not  to  introduce  an  error  greater  than  0.05 
ft  in  the  measurement  of  h^,  we  can  find  the  required  tolerances 

and  temperature  coefficients  for  the  various  components  in  the  bias 
voltage  network  as  follows: 


R  +  R  +  P. 
x  y  1 

iR  +  R  +  R  +  P. 
w  x  y  1 


"z2  * 


(65) 


The  time  rate  of  change  of  due  to  each  component  vari¬ 
ation  is  then 
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a.  Due  to  Rx: 

/dR  \ 
I _ xi 

\  R  / 
\  x  / 

dt 


where 

dRx  /dRx\/ 

— —  =  fractional  change  in  Rx>  and  I— — 1/ dt  is 

time  rate  of  fractional  change  in  Rx» 

Assume  the  following  nominal  component  values:  E z2  = 

6.4  V,  R  =  4.42K  0,  R  =  529  Q,  R  =  7.80K  fi,  P.  = 

50  ft  (set  at  midposition),  R^  +  R^  +  R^  +  =  12.799K  0, 


dEf 

dt" 


R  R 
x  w 


z2  (R  +  R  +  R  +  P,)2 
w  x  y  1 


dE  /dR  \ 

3 r  s  1-4  "v/*-  \irfj 

dt“ 


1.04(10“6 


)/s  or  1.04  ppm/s. 


4 


i 


If  Rx  has  a  temperature  coefficient  of  ±25  ppm/°C  or 

better,  then  the  maximum  time  rate  of  temperature  change 
for  Rx  becomes  (1.04  ppm/s)/(±25  ppm/°C)  =  ±0.042°C/s  or 

±2.5°C/min.  This  value  can  be  achieved  if  we  insulate 
the  components  against  rapid  environmental  temperature 
changes.  Further  improvement  by  a  factor  of  2.5  can  be 
obtained  by  changing  to  a  +10  ppm/°C  temperature 
coefficient. 

b.  Due  to  Ry; 


dEf 

dt 


R  R 
y  w 


z2  (R  +  R  +  R  +  P,)2 
w  x  y  1 
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where 


dR 


=  fractional  change  in 


V 


dt  is  the 


time  rate  of  fractional  change  in  R 


dE, 


Again,  assuming  nominal  component  values  with 
S  1.4  yV/s: 


£  8.7  (10  S/s  or  8.7  ppm/s. 

If  Ry  has  a  temperature  coefficient  of  ±100  ppm/°C  or 

better,  then  the  maximum  time  rate  of  temperature  change 
for  Ry  becomes  (8.7  ppm/s) /(±l0O  ppm/°C)  =  ±0.087°C/s  or 

±5.2°C/min.  This  value  should  be  achieved  without 
difficulty. 


c.  Due  to  P^: 

dE, 

P, 

R 

_ f  = 

F  ^ 

w 

dt 

22  (R  +  R 
w  X 

+  R  +  P.)2 

y  i  J 

(?) 


dt 


where 


fractional  change  in  P. 


>  “d  (?y 

P^.  Again 

nominal  component  values  with  •— 1 -  £  1.4  yV/s 


dt  is  the 


time  rate  of  fractional  change  in  P.. .  Again,  assuming 

dEf 


s  92  (10  S/s  or  92  ppm/s. 
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If  has  a  temperature  coefficient  of  ±100  ppm/#C  or 

better,  then  the  maximum  time  rate  of  temperature  change 
for  becomes  (92  ppm/s)/(±100  ppm/°C)  =  ±0.92°C/s  or 

55°C/min,  a  value  easily  achieved. 


d.  Due  to  R  : 

w 


dE 


f 


dt 


Jz2 


(R  +  R  +  P.)  R 
x  y  1  w 

(R  +  R  +  R  +  P.)2 
w  x  y  1 


9 


dR  /dR  \  . 

where  — —  =  fractional  change  in  Rw,  and  I  — — )/ at  is 

the  time  rate  of  fractional  change  in  R  .  Again,  as- 


dEj 

suming  nominal  component  values  with  s  1.4  pV/s. 


£  0.92  (10 


)/s  or  0.92  ppm/s. 


If  Rw  has  a  temperature  coefficient  of  ±25  ppm/°C  or 

better,  then  the  maximum  time  rate  temperature  change 
of  Rw  becomes  (0.92  ppm/s)/ (±25  ppm/°C)  =  ±0.037°C/s 

or  ±2.2°C/min.  Again,  this  value  can  be  achieved  if 
we  insulate  the  components  against  rapid  environmental 
temperature  changes.  Further  improvement  by  a  factor 
of  2,5  can  be  obtained  by  changing  to  a  ±10  ppm  tem¬ 
perature  coefficient. 


e.  Due  to  E^* 


(R  +  R  +  P.) 
x  1 


'z2 


R  +  R  +  R  +  P- 
w  x  y  1 


9 
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where 


/dEz2\  /dEz2\  / 

(— - )  =  fractional  change  In  E  .  and  ( ■= - )/dt 

\Ez2  )  Zl  '  Ez2  '' 

is  the 'time  rate  of  fractional  change  in  E  Asstiming 

zz 


nominal  component  values  with  1.4  pV/s: 


H  0.56  (10  ^)/s  or  0.56  ppm/s. 


If  E  „  has  a  temperature  coefficient  of  ±5  ppm/°C 
zz 

(-*■  ±0.0005%/°C  rating  for  1N4579),  then  the  maximum 
time  rate  of  temperature  change  of  becomes: 

(0.56  ppm/s)/(±5  ppm/6C)  »  0.11°C/s  or  6.7°C/min. 

This  value  should  be  achievable  if  the  diode  is  in¬ 
sulated  from  rapid  environmental  temperature  changes 
and  if  we  allow  a  suitable  warm-up  period  for  the 
diode  (for  example,  15  min). 

It  should  be  emphasized  here  that  each  of  the  various  time 

dEf 

derivative  values  was  calculated  on  the  basis  that  —j —  will  be 

at 

less  than  1.4  pV/s.  If  all  error  sources  happen  to  add  at  any 
dEf 

time,  the  actual  value  will  be  much  greater  than  the  desired 

1.4  pV/s  and  errors  in  the  measurement  of  h  will  be  much  greater 

w 

than  0.05  ft.  However,  we  can  assume  that  errors  will  add  sta¬ 
tistically  on  an  rss  basis  so  that  if  there  are  n  error  sources, 

dEf 

each  capable  of  producing  a  value  of  1.4  pV/s,  the  actual 

error  will  be  1.4  t'n"  pV/s.  This  points  to  the  fact  that  the  in¬ 
dividual  error  sources  should  be  held  to  values  lower  by  a  factor 

of  G  in  order  to  ensure  statistically  that  the  overall  value  for 

dEf 

-jj—  is  less  than  1.4  pV/s.  If  n“10,  then  each  error  source  should 

be  reduced  by  a  factor  of  3.16,  which  either  makes  the  temperature 
coefficient  requirements  more  stringent  or  insulation  against  rapid 
temperature  environment  changes  more  important. 
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/dE  z2 

It  was  determined  thatlr; — 

'Ez2 


* 


dt  should  not  exceed  0.56  ppm/s. 


E^2  can  change  due  to  temperature  as  well  as  due  to  current  changes 
in  the  diode  due  to  changes  in  E ^  or  due  to  changes  in  the  series 
current  setting  resistance  R^.  If  is  the  dynamic  impedance  of 

the  1N4579  diode,  it  can  be  shown  that  the  fractional  change  in 

E  _  due  to  changes  in  E  ,  and  R  are  as  follows: 
z2  zl  v 


If  we  assume  nominal  component  values,  E^  =  9.0  V,  Ez2 
6.4  V,  Rfc  =  604  n,  Rv  *  1.05K  Q,  Rz2  £  50  fi,  then 


due  to  R 
v 


due  to  E 


zl  * 


dE  \  / 

If  now  in  each  case  we  assumel-= - J/dt  <  0.56  ppm/s,  then 

\z2 


29.0  ppm/s  due  to  R 
v 
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^8.8  ppm/s  due  to  . 

If  Rv  has  a  temperature  coefficient  of  ±100  ppm/°C,  then  the  maximum 
time  rate  of  temperature  change  of  R  becomes 

(29.0  ppm/s)/±100  ppm/°C)  =  ±0.29°C/s  or  ±17.4°C/min  . 

There  should  be  no  problem  in  achieving  this  value  with  proper 
insulation. 

dEzl 

If  — -  has  a  temperature  coefficient  of  ±10  ppm/°C 

zl 

(-*•  ±0.001%/°C)  for  1N938B  diode,  then  the  maximum  time  rate  of 
temperature  change  of  E zl  becomes  (8.8  ppm/s)/±10  ppm/°C)  = 

±0.99°C/s  or  ±53°C/min,  a  value  easily  achieved. 

Ezl  may  also  change  due  to  power  supply  changes  and  due  to 
changes  in  Rt«  To  assess  the  changes  in  E^  due  to  these  causes, 
and  the  corresponding  effects  on  Ez2>  we  can  find  the  changes  in 
Ezl,  due  to  changes  in  +15  V  power  supply  (E^)  and  due  to  Rfc,  as¬ 
suming  the  dynamic  impedance  of  the  1N938B  diode  is  R  :  These 
changes  are  z 

a.  Due  to  E.  : 


b.  Due  to  Rfc : 
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It  was  shown  previously  that 
dE, 


corresponding  to  £  1.4  pV/s,  then  we  require 

/dE 


dt  £  0.56  ppm/s. 
z2  '  /dE 

'dt  £  8.8 


ppm/s.  If  we  restrict 


"zl\ 


/dt  to  the  latter  value,  then 


(?y- 


/._  \  '  "zl  '' 

/dRt\  / 

andl-g — 1/dt  must  satisfy  the  following  requirements,  assuming  R^  i. 
30  n,  R  =  604  fi,  Eh  =  15.0  V,  Ezl  =  9.0  V: 


(?)/ 


-6 


dt  sC  186  (10  )/s  or  186  ppm/s 


'dR^ 


'dt 


S  266  (10  ^)/s  or  266  ppm/s  . 


The  model  925  Analog  Devices  ±15  V  supply  that  provides 
E^  (+  15  V)  has  a  maximum  temperature  coefficient  of  voltage  of 

0.015%/°C.  Consequently  the  maximum  allowable  time  rate  of  change 
of  ambient  temperature  becomes 


(186  ppm/ s) / (150  ppm/°C)  *  1.24°C/s  or  74.4°C/min  . 


This  value  should  be  easily  achieved  with  proper  insulation  against 
rapid  enrivonmental  temperature  changes,  assuming  the  power  supply 
is  allowed  sufficient  warm-up  time  (such  as  15  min)  before  the 
equipment  is  used. 

If  we  assume  Rf  has  a  temperature  coefficient  of  sc  ±100 

ppm/°C,  then  the  maximum  allowable  time  rate  of  change  of  ambient 
temperature  becomes  (266  ppm/s) /±100  ppm/°C)  =  2.66°C/s.  This 
value  should  be  easily  achieved  with  proper  insulation. 

Changes  in  the  700K  fi  feedback  resistor  in  the  Philbrick 

model  1701  DCOA  circuit  of  Fig.  Al-1  can  affect  the  gain  and 

therefore  scale  factor  in  the  measurement  of  h  .  It  should  have 

v 

sufficient  temperature  stability  so  that  not  more  than  0.01  ft 

error  in  the  measurement  of  h  occurs  if  h  S  5  ft.  The  maximum 

w  v 

allowable  temperature  coefficient  of  this  resistor,  assuming  a 
±10°C  temperature  environment,  becomes 
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£  0.01  ft 

5  ft  (±10°C) 


±200  ppm/°C. 


A  resistor  with  a  temperature  coefficient  of  ±100  ppm/°C  (easily 
obtained)  should  be  adequate. 

Since  any  change  in  Rg  also  affects  the  gain  in  the  same  way 

that  the  700K  0  feedback  resistor  does,  it  should  also  have  a  tem¬ 
perature  coefficient  £  ±200  ppm/°C  assuming  a  ±10°C  temperature  en¬ 
vironment.  However,  it  was  pointed  out  previously  that  R^  required 

a  much  greater  temperature  stability  because  of  the  effect  it  can 
have  on  the  rate  of  change  of  DC  offset  with  temperature  changes 
due  to  the  approximate  lg  bias  voltage  (depending  on  0  and  tf)  of 
2.50  V  applied  to  R^.  Because  of  this,  it  was  shown  previously  that 

R^  should  have  a  temperature  stability  of  s.  ±5  ppm/°C  assuming  ambi¬ 
ent  temperatures  do  not  change  at  a  rate  greater  than  ±0.11°C/s  or 
±6 . 7°C/min. 


Card  #2,  Fig.  A2-1,  Schematic  of  MCU  Synchro-to-DC  Converter  (Normalized) 

Figure  A2-1  is  a  schematic  of  synchro  channel  blocks  repre- 

m3 

senting  either  blocks  K^,  K^,  (10  )  divider,  in  the  roll 

M4  3 

channel,  or  blocks  K^,  Kg,  K^,  (10  ^-)  divider,  in  the  pitch 

4 

channel  as  shown  on  Fig.  12.  The  associated  isolation  transformers, 
UTC  H-5,  having  a  primary  to  secondary  impedance  ratio  of  15K  ft  to 
95K  ft,  are  connected  between  the  synchro  outputs  and  the  inputs  of 
blocks  and  and  are  not  shown  on  this  schematic.  Instead,  the 

transformers  appear  in  Fig.  B2-1.  In  that  diagram,  the  roll  synchro 
output  is  connected  to  primary  winding  1-2  on  T3  transformer,  which 
is  the  low  impedance  side  (15K  ft),  while  the  95K  ft  secondary  winding 
connects  to  block  input  through  the  No.  2  card  connector.  Pins 

8  of  the  roll  and  pitch  H-5  transformers  are  common  and  are  connected 
to  signal  ground.  The  pitch  synchro  output  is  connected  to  primary 
winding  1-2  on  T2  transformer,  which  is  the  15K  ft  side  while  T2 
secondary  (95K  ft)  winding  connects  to  block  R7  input  through  the 

other  No.  2  card  connector.  In  Fig.  B2-1,  it  is  not  obvious  that 
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the  connections  from  the  pitch  synchro  to  transformer  T2  pins  1-2 
have  been  reversed  when  compared  to  the  like  roll-synchro-to-trans- 
former  connections.  As  discussed  previously,  however,  the  trans¬ 
former  connection  reversal  in  the  pitch  channel  is  necessary  in 

order  to  ensure  proper  summation  of  signals  in  the  z,  x,  and  y 
channels  at  block  (Fig*  12). 

The  limiter  and  fixed  phase  shift  amplifier  in  Fig.  A2-1 
serves  two  functions.  At  400  Hz,  it  produces  a  fixed  -135°  phase 
shift.  When  combined  with  the  adjustable  phase  shift  amplifier 
following  this  stage,  the  phase  of  the  400  Hz  synchro  signal,  which 
is  not  necessarily  exactly  in  phase  or  180°  out  of  phase  with  the 
400  Hz  reference  signal,  may  be  shifted  between  -135  and  -225°  in 
order  to  bring  the  synchro  signal  phase  relationship  into  exact 
correspondence  with  the  400  Hz  reference  phase  for  proper  demodu¬ 
lation  at  the  demodulator.  The  limiter  portion  of  the  amplifier 
serves  to  limit  the  peak  output  voltage  swing  to  about  8.79  V  at 
node  EQ1,  in  Fig.  A2-1.  The  roll  or  pitch  synchro  S1-S3  winding 

output  driving  the  H-5  transformer  is  given  by  11.8  sin  (Vrms) 
or  11.8  sin  9  (Vrms)  (nominal).  The  H-5  transformer  has  a  primary 

to  secondary  turns  ratio  of  1/n  with  n  =  /95K/15K  =  2.517,  so  that 
the  corresponding  secondary  voltage  driving  node  in  Fig.  A2-1  is 

11.8  (2.517)  sin  ■  29.7  sin  cp  (Vrms)  or  29.7  sin  9  (Vrms).  Since 
the  gain  of  the  limiter  and  fixed  phase  shift  amplifier  is  1.038 
Vrms/Vrms  (nominally),  it  follows  that  output  node  EQ1  =29.7  (1.038) 

sin  ^  =  30.8  sin  (Vrms)  or  30,8  sin  9  (Vrms),  or  E^  =  30.8  (1.414) 

sin  S-  =  43.6  sin  V  peak  (VPK)  or  43.6  sin  9  (VPK) .  Consequently, 
when  9P  (or  9)  =  11.6°,  the  8.79  V  peak  output  limit  at  node  E^^  is 

reached.  Above  11.6°,  the  output  at  node  E^  limits  and  the  wave¬ 
form  changes  gradually  from  a  sine  wave  to  a  square  wave  as  E^  in¬ 
creases.  The  system  therefore  effectively  limits  for  roll  or  pitch 
angles  above  about  11.6°  (about  0.20  rad). 

The  adjustable  phase  shift  amplifier  in  Fig.  A2-1  has  nomi¬ 
nally  unity  gain  independent  of  the  setting  of  potentiometer  P^. 

By  adjusting  potentiometer  P^  the  phase  of  output  signal  E^  may  be 
conveniently  shifted  with  respect  to  input  signal  E^^  over  a  90° 
range.  P^  is  adjusted  so  that  the  phase  of  the  roll  or  pitch  syn¬ 
chro  signal,  as  it  appears  at  node  E^*  is  shifted  to  be  in  corres¬ 
pondence  with  the  phase  of  the  400  Hz  reference  signal  appearing  at 
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node  Eo0  (at  the  DG191BP  switch  input,  pin  15).  This  stage  there- 

fore  permits  the  compensation  for  phase  shift  (relative  to  the  400 
Hz  reference)  in  the  S,-S  synchro  output.  The  resistor  R  (100  ft) 

in  this  stage  isolates  the  preceding  stage  (limiter  and  fixed  phase 
shift  amplifier)  from  the  loading  effects  of  capacitor  Ca,  especially 

if  were  set  to  0  SI.  In  this  case  the  large  loading  capacitance 

of  C  might  cause  instability  in  the  preceding  stage  if  R  were  0  ft 
a  a 

instead  of  100  ft. 


The  400  Hz  demodulator  in  Fig.  A2-1  is  a  switching  type,  the 

2 

switches  of  which  are  operated  by  a  400  Hz  square  wave  T  L  compatible 
signal,  derived  from  the  400  Hz  sine  wave  reference  (the  same  refer¬ 
ence  used  for  the  synchros)  applied  to  the  DG191BP  analog  electronic 
switch.  During  the  first  half  cycle  of  the  400  Hz  reference  wave, 
the  switches  D3-S3  and  Dl-Sl  are  in  the  positions  shown  and  the  de¬ 
modulator  has  a  gain,  to  the  corresponding  half  cycle  of  the  wave 
appearing  at  node  E^,  of  -1.111  V/V.  This  gain  is  (-  Rp)/(R^  +  Rg) 

(-51. IK) /46. OK  =  -1.111.  The  waveform  at  node  EQ3  is  therefore  that 

at  node  EQ2  but  inverted  and  larger  by  a  factor  of  1.111.  Since  the 

waveform  at  node  EQ2  is  a  half  sine  wave  during  the  first  half  cycle 

of  the  reference  switching  waveform,  the  output  at  node  EQ3  is  also 

a  half  sine  wave  (but  inverted  and  larger  in  amplitude) .  During  the 
second  half  cycle  of  the  reference  waveform,  switch  D3-S3  closes 
while  Dl-Sl  opens;  the  gain  of  the  demodulator,  it  can  be  shown, 
then  becomes  +1.111  V/V.  However,  the  phase  of  the  sine  wave  at 
node  EQ2  has  reversed  during  the  second  half  cycle  of  the  reference 

waveform  so  that  the  output  at  node  EQ3  is  another  half  sine  wave 

of  the  same  phase  as  the  first  half  cycle  sine  wave  but  larger  by 
a  factor  of  1.111  compared  to  the  input  Eq2<  Thus  the  signal  E^2 

as  it  appears  at  node  Eq3  has  been  full  wave  rectified  and  a  DC 
voltage  has  been  generated  proportional  to  the  signal  EQ2.  The 
signal  of  the  DC  voltage  depends  on  the  phase  of  EQ2  waveform  rela¬ 
tive  to  the  400  Hz  reference  waveform  (i.e. ,  whether  it  is  either 
exactly  in  phase  or  180°  out  of  phase).  Since  the  gain  of  the  de¬ 
modulator  is  1.111  V/V,  or  1,111  Vrms/Vrms,  it  follows  that  the 

gain  to  the  DC  component  of  the  rectified  sine  wave  is  [  (2 / tt)  /  (1//T)  ] 
1.111,  or  (1.111)  =  1.000  VDC/Vrms.  That  is,  every  1.000 

Vrms  at  node  EQ2  produces  1.111  Vrms  (rectified)  at  node  EQ3,  which 
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has  a  DC  component  of  1.111  Vrms  *  ( o'  /(JfVrms)  =  VD^.  T^ie 

waveform  at  node  Eq^  consists  of  the  desired  DC  component  plus  the 

undesired  AC  half  cycle  ripple  with  harmonics  of  the  fundamental 
frequency  of  800  Hz  (which  is  twice  the  reference  and  signal  fre¬ 
quencies  of  400  Hz) .  The  AC  ripple  may  be  filtered  conveniently 
by  the  following  stage  second-order  low-pass  filter. 


The  second-order  low-pass  filter  circuit  is  the  well-known 
Sallen  and  Key  design  using  a  DCOA  as  an  active  device  having  a 
DC  gain  of  +1.000.  Its  transfer  function  is  given  by 


2  2 

t1  s  +  2?1  t1  s  +  1 


where 


=  frequency; 


R1R2C1C2; 


2?1  T1 


(R-L  +  R2)  C2; 


damping  factor; 


—  =  2irf ;  and 
T1  1 


f^  =  filter  cutoff  frequency. 

f1  and  4 ^  were  chosen  at  80.0  Hz  and  0.500,  respectively.  The 

components  R^,  R^,  C^,  C2  were  assigned  values  to  yield  these 

values  of  f^  and  Since  the  fundamental  ripple  frequency  at 

the  demodulator  output  is  800  Hz,  this  component  will  be  attenuated 
by  a  factor  of  close  to  100  by  the  filter.  The  ratio  of  fundamen¬ 
tal  ripple  frequency  amplitude  to  DC  for  a  full  wave  rectified  sine 
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wave  is  2  to  3.  Hence,  relative  to  the  DC  value,  the  800  Hz  ripple 

3 

amplitude  will  be  a  factor  of  100  (y)  *  150  below  the  DC  level.  The 

next  higher  harmonic  of  800  Hz  is  1600  Hz  and  this  will  be  attenuated 
by  a  factor  of  400  by  the  filter.  The  amplitude  of  the  harmonic  is 
2 

only  -=-=•  of  the  DC  value;  hence  at  the  filter  output  the  1600  Hz 

15 

ripple  amplitude  will  be  a  factor  of  —  (400)  *»  3000  below  the  DC 

level.  Higher  harmonics  of  800  Hz  will  therefore  produce  insignifi¬ 
cant  levels  at  the  filter  output  compared  to  the  DC  level. 


The  analog  divider  in  Fig.  A2-1  corresponds  to  the  ^10 
divider  block  in  Fig.  12.  Its  purpose  is  to  make  output 


or 


voltage  Eq,.  insensitive  to  changes  in  the  115  V,  400  Hz  reference 

voltage  for  a  given  roll  or  pitch  angle.  If  for  a  given  roll  or 
pitch  angle,  the  115  V  reference  voltage  increases  by  a  factor  p, 
the  synchro  signal  output  voltage  at  S^-S^  terminals  will  also  in¬ 
crease  by  the  same  factor  p.  If  we  trace  this  signal  through  the 
various  circuits,  starting  at  transformer  H5  primary,  we  eventually 
arrive  at  signal  EQ^,  which  is  a  DC  voltage  proportional  to  S^-S^ 

AC  terminal  voltage.  Eq^  therefore  increases  by  a  factor  p.  E^ 
is  the  input  of  the  AD534J  analog  devices  divider  and  the  other 
input  to  the  divider  at  node  XI  is  E,,. ,  a  DC  signal  proportional 
to  the  115  V,  400  Hz  reference  voltage;  consequently,  ER^  also  in¬ 
creases  by  a  factor  p.  As  a  result,  the  output  Eg,,  does  not  change 


at  all  as  the  115  V,  400  Hz  reference  voltage  changes  since  E 


e04  (1  +  P> 

10  eri  (i  +  p>  =  10 


^04 

:R1- 


05 

Thus  EQ5  is  made  insensitive  to  115  V, 


400  Hz  reference  voltage  changes,  as  desired.  The  generation  of 
signal  Er^  is  described  below.  A  DC  offset  null  adjustment  at  node 


EQ5  is  provided  by  the  network  containing  potentiometer  P^.  Any 

DC  offset  represents  an  equivalent  angle  offset  in  pitch  and  roll 
and  may  be  reduced  to  insignificance  by  adjusting  so  that  Eq,. 

is  nulled  within  ±10  MV  when  the  roll  or  pitch  angle  is  set  exactly 
to  0°.  For  the  nominal  scale  factor  shown  at  node  Eq^»  10  MV  repre¬ 
sents  only  about  0.015°,  an  insignificant  error. 
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The  scale  factor  at  (or  K.^)  block  input  node  in  Fig.  12 

is  10.0  V/rad  for  small  pitch  or  roll  angles  (i.e.,  £  5°).  This 
node  is  identical  to  Eq^  in  Fig.  A2-1.  The  LM108A  adjustable  gain 

buffer  amplifier  is  provided  to  absorb  synchro  scale  factor  toler¬ 
ances  and  circuit  tolerances.  The  scale  factor  at  node  E^  may  be 

adjusted  by  potentiometer  with  a  range  of  ±25%  about  the  nominal 

scale  factor  of  10.0  V/rad.  The  adjustment  may  be  accomplished  by 
changing  the  pitch  or  roll  angle  from  the  null  (0°)  position,  for 
example,  5°,  and  adjusting  so  that  E^  changes  by  0.1745  V/deg 

(■>  10.0  V/rad),  which  would  be  0.873  VDC  for  a  5°  change. 

As  pointed  out  in  the  discussion  on  DC  offset  drift  rates  at 
the  M311  multiplier  Y  input  (Fig.  A8-1) ,  a  drift  rate  of  11.3  pV/s 
could  be  tolerated.  At  node  E^  in  Fig.  A2-1,  the  allowable  drift 

rate  becomes  twice  this  value,  or  22.6  pV/s  since  an  attenuator 
with  a  gain  of  1/2  separates  node  E^  with  the  multiplier  Y  input. 

Assuming  a  nominal  gain  of  0.260  VDC/VDC  for  the  adjustable  gain 
buffer  amplifier  in  Fig.  A2-1,  the  allowable  drift  rate  at  node  E^ 

becomes  (22.6/0.260)  **  87  pV/s.  The  DC  offset  at  node  E^  is  due 

to  the  AD534J  divider  itself  and  any  DC  offset  generated  at  nodes 
EQ4  and  Er^.  The  divider  output  at  Node  E^,.  has  a  temperature 

drift  of  100  pV/°C  and  hence  its  temperature  drift  rate  should  be 
held  to  within  (87  pV/s)/(100  pV/°C)  =  0.87°C/s,  a  value  which 
should  be  achievable  without  difficulty  if  it  is  suitably  insu¬ 
lated  from  the  external  environment.  No  data  are  given  for  the 
sensitivity  of  the  divider  output  versus  supply  voltage  variations. 
Since  the  ±15  VDC  supplies  for  the  divider  are  well  regulated  and 
not  likely  to  change  temperature  rapidly  after  a  suitable  warm-up 
period,  the  divider  output  drift  rate  due  to  power  supply  changes 
is  not  expected  to  exceed  the  desired  87  pV/s  value  and  will  likely 
be  less. 

With  respect  to  DC  offset  drift  rates  at  the  divider  output 
due  to  changes  in  DC  offset  at  the  divider  input  nodes  Eq4  and  ER^ 

(Fig.  A2-1) ,  the  following  approximate  relations  can  be  shown  to 

hold  between  the  drift  AE-.-  at  node  E«,  and  the  drift  AEn.  and 
.  05  05  04 
*eri- 
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(a)  Due  to  drift  AEq4  at  node  Eq4 : 


AE 


AE05  =  10  I 


04 


R1 


(b)  Due  to  drift  AER^  at  node  ER^: 


F  1  =  10 

t,05 


fe) 


AE. 


R1 


If  Eq5  is  allowed  to  change  at  a  maximum  rate  of  87  pV/s  (see 

above),  then  AEq4  ^  AE05  =  ~io^  (87)  10  8  =  70  pV/s,  where 

E  =  8.00  V  nominally.  Due  to  all  DC  offset  sources  that  make  up 
K± 

EQ4,  Eq4  is  not  expected  to  change  by  more  than  50  pV/°C  due  to 

temperature  changes  acting  on  the  demodulator  and  second-order  low- 
pass  filter.  Hence,  the  maximum  rate  of  change  of  temperature  be¬ 
comes  (70  pV/s)/(50  uV/°C)  =  1.4°C/s,  a  value  that  should  not  be 
difficult  to  achieve.  Due  to  power  supply  drift  rates  acting  on 
the  demodulator  and  second-order  low-pass  filter,  the  DC  offset 
drift  rate  at  node  Eq4  should  be  negligible  because  the  LM108AH 

DCOA  has  an  excellent  power  supply  rejection  ratio  (96  dB  minimum) 
and  the  ±15  V  power  supplies  are  well  regulated  with  a  reasonably 
low  temperature  coefficient  of  voltage. 

Again,  if  E_s  is  allowed  to  change  at  a  maximum  rate  of  87  pV/s, 

then 

E  2 

AE  *  i  AE05!  ^  I  AE05l  =  87  p  V/s‘ 

R1  10E04 

EQ4  maximum  occurs  when  the  pitch  or  roll  angle  reaches  11.6°,  the 

limit  level  set  by  the  limiter  stage  at  the  output  of  the  H-5 
transformer.  Since  the  nominal  scale  factor  at  node  Eq4  in  Fig. 

A2-1  is  0.538  VDC/deg,  it  follows  that  Eq4  maximum  is  11.6  deg 

(0.538  VDC/deg)  =6.24  VDC.  Assuming  E01  =  8.00  V,  AE01  then 
becomes 
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AER1  *  (ioT6?24)  <87>10“6  =  89.2(10-6)  pV/s; 

this  is  the  maximum  allowable  drift  rate  for  ED1 . 

R1 

Card  #3,  Fig.  A3-1,  Schematic  of  MCU  400  Hz  Square  Wave  Reference 
Generator  and  Normalized  DC  Reference  Signal 


ER1  in  Fig.  A2-1  is  derived  from  the  115  V,  400  Hz  reference 


voltage  Er  as  shown  in  Fig.  12.  In  this  diagram  E^  is  the  normal¬ 
izing  reference  signal  (DC)  E^.  ER  is  first  passed  through  a  UTC 

H-5  Tl,  which  has  a  primary  to  secondary  turns  ratio  of  0.3974  and 
is  shown  in  Fig.  B2-1.  The  transformer  secondary  voltage  is  nominally 
115  (0.3974)  =  45.7  Vrrns.  The  transformer  secondary  drives  pin  1  in 
Fig.  A3-1,  which  is  the  schematic  of  the  square  wave  reference  gen¬ 


erator  (generating  F,  0)  and  of  the  normalizing  signal  ED1  (=  E  of 
Fig.  12).  R2  R1  M 


In  Fig.  A3-1,  the  H-5  transformer  output  drives  an  absolute 
value  detector  with  signal  E^  (=  45.7  Vims  nominally),  which  yields 

positive  going  full  wave  rectified  sine  waves  at  an  800  Hz  fre¬ 
quency  at  node  E^.  The  average  value  of  this  waveform  is  a  DC 

voltage  that  is  proportional  to  the  actual  voltage  of  the  115  V, 

400  Hz  reference  source.  Nominally  it  is  4.00  VDC  at  node  E^^. 

To  remove  the  800  Hz  ripple  and  higher  harmonics,  the  output  at 
node  EQ1  is  followed  by  a  second-order  low-pass  filter  (again  a 

Sallen  and  Key  filter  type)  having  the  following  transfer  function: 


F  2  2 

01  t2  s  +  2^2T2S  +  1 


where 

s  *  jto; 

j  °  J-u 

a:  -  2irf ; 


-  Ill  - 


THE  JOHNS  HOPKINS  UNIVEBSITV 

APPLIED  PHYSICS  LABORATORY 

LAUREL  MAflYLANO 


=  frequency; 


^2T2 


R1R2C1C2; 


R2C2  +  R1  <C1  +  C2  -  K2C1>! 


‘  K) 


damping  factor; 


—  =  2irf.;  and 
T2  * 


=  filter  cutoff  frequency. 


f 2,  ?2  an<^  K2  were  chosen  at  4.00  Hz,  0.5,00,  and  2.00  VDC/VDC, 

respectively.  The  components  R^,  R2>  C^,  C2>  R^,  and  R^  were 

assigned  values  to  yield  these  values  of  f2>  ?2  and  K2»  The 

attenuation  to  the  fundamental  800  Hz  component  is  close  to  a 
factor  of  40  000  so  that  the  signal  appearing  at  node  ER^  is 

essentially  DC  of  value  twice  E^  DC  and  with  an  insignificant 

amount  of  ripple.  E  is  therefore  nominally  8.00  VDC.  The 

1*01 1 

nominal  gain  of  the  absolute  value  detector  is  given  by  jg — j- 


m 


Vrms 

Vrms’ 


To  produce  4.00  VDC  at  node  E,,.. ,  the  rms  voltage 

,JT  lRoJ 

1 _ M  r  //.  f\r\  \  _  A  A  A  TT _ O _ '“'-L  _ 


at  this  node  must  be  — (4.00)  =  4.44  Vrms.  Consequently  yg — p 

=  0<0972  Vras/Vrras.  °r  firm's  =  °*0875  VDC /Vrms, 

nominally.  Since  R  =  R,  and  R,  =  10K  0,  it  follows  that  R  = 
c  u  d  a 

10k 

0-"0?72-  =  102. 9K  0.  R&  consists  of  potentiometer  (20K  fi)  and  a 


90. 9K  0  resistance  in  series.  Nominally  potentiometer  P^  would  be 
set  at  12. OK  0.  To  absorb  circuit  tolerances,  potentiometer  P^  is 


adjusted  such  that  Er 


8.00  VDC  ±0.080  VDC  with  the  reference  volt¬ 


age  E_  set  at  exactly  115  Vrms. 
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It  was  indicated  previously  that  the  allowable  DC  drift  rate 

for  E  should  be  less  than  89.2  (10  pV/s.  In  Fig.  A3-1,  the  DC 
K1 

drift  in  E„.  is  due  to  DC  drift  in  the  second-order  low-pass  filter 
K1 

and  in  the  absolute  value  detector  stages.  An  estimate  of  the  drift 

due  to  temperature  at  node  E  ,  due  to  both  of  these  stages  is  a  maxi- 

K1 

mum  of  150  pV/°C.  The  maximum  rate  of  temperature  change  is  there¬ 
fore  [89.2(10_6)  V/s] / (150  pV/°C)  =  0.59°C/s,  which  easily  achieved, 
assuming  the  stages  are  suitable  insulated  from  the  external  environ¬ 
ment.  The  LM101AH  DCOA  used  in  these  stages  has  a  fairly  good  power 
supply  rejection  ratio  (80  dB  min)  and  considering  the  fact  that  the 
±15  VDC  power  supplies  themselves  are  well  regulated  and  have  a  low 
temperature  coefficient  of  voltage,  the  drift  rate  at  node  ER1>  due 
to  power  supply  voltage  drift  rates,  should  be  negligible. 


2 

In  Fig.  A2-1  it  will  be  noted  that  a  T  L  compatible  square 
wave  reference  voltage  ER2  is  required  to  drive  the  DG191BP  elec¬ 
tronic  switch  for  demodulation  of  the  signal  appearing  at  node  Eq2* 

E  _  is  derived  from  the  115  Vrms,  400  Hz  reference  source  as  shown 
RZ 

in  Fig.  12.  The  circuits  used  to  derive  ER2  are  shown  in  Fig.  A3-1. 
The  signal  E^,  which  is  the  output  of  the  H-5  reference  transformer, 
is  first  attenuated  by  the  resistance  network  Rg  and  R^,  which  yields 
an  output  of  about  5.38  Vrms,  nominally,  across  Rf.  This  signal  is 


then  applied  to  the  hysteresis  switch  and  limiter  stage,  the  output 
of  which  switches  back  and  forth  between  about  +13  and  -13  V  near 
the  zero  crossover  of  the  input  400  Hz  waveform.  A  square  waveform 
is  thus  generated  at  node  Eq2.  Positive  feedback  is  added  to  the 


switch  via  resistor  R 

g 


so  that  switching  occurs  when  the  input 


(across  Rf)  crosses  about  +0.4  V  for  the  positive-going  portion  of 


the  sine  wave,  and  -0.4  V  for  the  negative-going  portion  of  the  sine 
wave.  This  hysteresis  window  of  0.8  V  prevents  noise  of  amplitude 
less  than  0.8  V  (across  R^)  from  affecting  switch  operation  when 

the  input  signal  is  near  the  zero  crossover  region.  The  final 
stage,  called  the  square  wave  reference  generator,  converts  Eq2  to 

signal  Er2 .  ER2  is  a  400  Hz  square  wave  ranging  between  -0.6  and 

about  +4.1  V  (a  T^L  compatible  drive  signal  for  DG191BP  switch  in 
Fig.  A2-1).  When  Eq2  is  approximately  +13  V,  ER2  is  limited  to 

about  -0.6  V  by  the  feedback  diode  D^,  which  has  a  forward  voltage 
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drop  of  about  0.6  V.  When  is  approximately  -13  V,  is  back 

V  / 31.61^ 


biased  and  the  gain  to  signal  E^  becomes  (-  — )  or  - 
-0.316;  in  this  case  ER2  =  -0.316  (-13) 


\100K 


+4.1  V.  Hence,  E. 


R2 


switches  between  the  levels  of  -0.6  and  +4.1  V  at  the  400  Hz  rate. 


Cards  #5,  and  #6,  Figs.  A5-1  and  A6-1,  Schematics  of  MCU  High-Pass  Filter 
and  MCU  Low-Pass  Filter 


Figures  A5-1  and  A6-1  are  schematics  of  one  high-pass  and 
one  low-pass  section,  respectively,  of  the  five-stage  high-pass 
filter  block  shown  in  Fig.  12.  Figure  11  shows  how  the  high-pass 
and  low-pass  filter  sections  are  cascaded  to  form  the  five-stage 
filter.  It  was  indicated  in  Section  8  under  "Error  Considerations" 
that  the  first  two  stages  of  the  five-stage  high-pass  filter  are 
critical  with  respect  to  rate  of  change  of  DC  offset.  For  this 
reason,  Philbrick  model  1701  chopper-stabilized  amplifiers  were 
chosen  for  this  application.  To  permit  interchangeability,  all 
three  high-pass  sections  of  the  five-stage  filter  were  made  identi¬ 
cal,  using  the  same  type  of  DCOA  and  same  component  values.  Like¬ 
wise,  both  low-pass  sections  were  made  identical  for  interchange- 
ability.  The  DC  offset  characteristics  of  the  Philbrick  model  1701 
DCOA  were  discussed  above  with  respect  to  Fig.  Al-1  for  the  summing 
amplifier. 

With  regard  to  voltage  offset  of  the  DCOA  for  the  first  high- 
pass  filter  stage  (Fig.  A5-1),  a  0.25  pV/°C  temperature  coefficient 
translates  into  0.5  pV/°C  equivalent  input  to  the  five-stage  filter. 
For  a  maximum  allowable  drift  rate  of  1.0  pV/s  at  the  input  to  the 
five-stage  filter,  the  maximum  allowable  rate  of  change  of  tempera¬ 
ture  for  the  DCOA  becomes:  (1.0  pV/s)/(0.5  pV/°C)  =  2°C/s,  a  value 
that  should  be.  achievable  without  much  difficulty.  With  regard  to 
the  current  offset  of  the  DCOA  for  the  first  high-pass  filter  stage, 
a  1  pA/°C  temperature  coefficient  translates  into  a  voltage  of  (1 
pA/°C)  x  R^  (Fig.  A5-1)  where  =  4  Mfl  at  the  input  to  the  five- 

stage  filter.  For  a  maximum  allowable  drift  rate  of  1.0  pV/s  at 
the  input  to  the  five-stage  filter,  the  maximum  allowable  rate  of 

-12 

change  of  temperature  for  the  DCOA  becomes:  (1.0  pV/s)/[l(10  ) (4) 

10^  V/°C]  =  0.25°C/s,  a  value  that  can  be  achieved  without  difficulty 
if  the  DCOA  is  insulated  from  the  external  temperature  environment. 

For  the  first  low-pass  filter  stage  (Fig.  A6-1),  a  0.25  pV/°C 
temperature  coefficient  for  voltage  offset  for  the  DCOA  translates 
into  0.25  pV/°C  equivalent  input  to  the  five-stage  filter.  This  is 
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a  factor  of  two  better  (i.e.,  lower)  than  that  for  the  first  high- 
pass  filter  stage  and  hence  the  temperature  drift  requirement  for 
the  DCOA  becomes  4°C/s  maximum  for  a  maximum  allowable  drift  rate 
of  1.0  yV/s  at  the  input  to  the  five-stage  filter,  a  value  that 
should  present  no  problem.  A  1  pA/°C  temperature  coefficient  for 
current  offset  for  the  DCOA  translates  into  (1  pA/°C)  *  R^  (Fig. 

A6-1)  where  =  80. 6K  ft,  at  the  input  to  the  five-stage  filter. 

For  a  maximum  allowable  drift  rate  of  1.0  yV/s  at  the  input  to  the 
five-stage  filter,  the  maximum  allowable  rate  of  change  of  tempera¬ 
ture  for  the  DCOA  becomes:  (1.0  yV/s)/[l(10~12) (80.6)103  V/°C]  = 
12.4°C/s,  a  value  easily  achieved. 

The  effects  of  DC  offset  changes  in  the  last  three  stages  of 
the  five-stage  filter  become  much  less  than  those  listed  above  for 
the  first  two  stages.  Hence  these  effects  need  not  be  considered 
inasmuch  as  the  same  DCOA  type  (Philbrick  model  1701)  is  also  used 
in  the  last  three  stages. 

With  regard  to  the  high-pass  filter.  Fig.  A5-1,  the  transfer 
function  is  given  by 


R2C1s 


(R1C1s  +  1)(R2C3s  +  1) 


T  S 

a 


(t  s  +  1)(t  s  +  1) 
a  d 


(68) 


where 


Rl  = 


x2’ 


R2C1 


Ricr  Td 


R2C3 


C^  in  Fig.  A5-1  is  used  to  ensure  high-frequency  stability 
of  the  DCOA  in  the  closed  loop  and  is  responsible  for  the  real  pole 
whose  time  constant  is  =  1^3  =  200  (10  **)  s,  corresponding  to  a 

cutoff  frequency  of  close  to  800  Hz.  At  signal  frequencies  at  or 
below  20  Hz,  this  pole  may  be  neglected.  Assuming  signal  frequen¬ 
cies  >>  2~~  (where  =  4  s)  but  not  exceeding  20  Hz,  Eq.  68 

becomes 


1.000  . 


(68a) 
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In  Fig.  A5-1,  the  Teledyne  model  431D-5  relay  is  placed  in 
the  reset  position  during  power  turn-on  time  for  the  DCOA.  This 
prevents  a  large  charge  from  accumulating  across  during  power 

turn-on.  For  a  large  charge,  would  require  a  relatively  long 

time  to  discharge  because  of  the  4  s  time  constant  formed  by  R^C^. 

After  the  DCOA  has  stabilized,  which  should  take  no  longer  than 
10  s,  the  relay  contacts  may  be  placed  in  the  normal  position.  The 
IK  n  resistance  in  series  with  the  relay  contacts  prevents  damage 
to  the  contacts,  if  the  relay  is  placed  in  the  reset  position  while 
has  a  large  charge  across  it,  by  limiting  the  current  flow  in  the 

contact. 

With  regard  to  the  low-pass  filter,  Fig.  A6-1,  the  transfer 
function  is  given  by 


1 


V  \  2C1S  +  1 


*^14  (xas  +  1 


where 


t'kT!  t  =  —  ;  t  =  R-C,  . 
14  a  a  2  1 


is  the  overall  gain  constant  for  the  five-stage  filter 
given  in  Fig.  12.  For  the  values  shown  in  Fig.  A6-1,  =  9*92 » 

Ta  =  4  s.  Hence  =  2.48  nominally,  which  is  close  to  the  de¬ 
sired  nominal  value  of  2.50.  At  signal  frequencies  >>  • 

Eq.  69  becomes  a 


(69a) 


This  transfer  function  corresponds  to  pure  integration  in 
the  time  domain.  Two  such  stages  in  the  five-stage  filter  yield 
the  desired  double  Integration,  which  converts  a  measure  of  accel¬ 
eration  into  a  measure  of  height.  As  in  the  case  for  the  high-pass 
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filter  section,  the  Teledyne  model  431D-5  relay  is  used  in  the  re¬ 
set  position  to  prevent  a  large  charge  from  accumulating  across 

during  power  turn-on.  After  the  DCOA  has  stabilized  (in  less  than 
10  s),  the  relay  contacts  may  be  placed  in  the  normal  position. 

The  nominal  scale  factor  at  the  input  summing  node  of  the 

adjustable  gain  summing  amplifier,  K,,  in  Fig.  12,  is  0.3944  VDC/ft. 

lo 

To  incur  an  error  of  less  than  0.01  ft  in  the  measurement  of  h  and 

w 

h^,  the  output  offset  of  the  last  stage  of  the  five-stage  high-pass 

filter,  must  therefore  be  <0.3944  (0.01)  =  3.944  MV.  The  last  stage 

is  a  high-pass  filter  section  shown  in  Fig.  A5-1.  Its  output  DC 

offset  for  all  environments  (which  includes  temperature,  power 

supply,  and  time  changes)  can  be  shown  to  be  £300  pV.  Hence  the 

error  in  the  measurement  of  h  and  h  will  be  much  less  than  0.01  ft 

w  v 

due  to  DC  output  offset  in  the  last  stage  of  the  five-stage  high- 
pass  filter. 

The  internal  noise  generated  by 

stage  high-pass  filter  is  not  expected 

error  in  the  measurement  of  h  and  h  . 

w  v 

system  outputs  (h^  and  h^)  confirm  the 

filter  time  constant  t  =  4  s. 

a 

Card  #9,  Fig.  A9-1,  Schematic  of  MCll  Altimeter  Signal  Conditioning 

Figure  A9-1  is  a  schematic  of  the  altimeter  signal  condi¬ 
tioning  circuit.  As  indicated  in  Fig.  12,  there  are  two  identical 
(except  for  gain  adjustment)  three-stage  amplifiers,  one  for  the 
Collins  model  ALT50  altimeter,  and  the  other  for  the  TRT  model 
A11V20  altimeter.  A  front  panel  switch  permits  selection  of 
either  altimeter  channel.  Since  the  channel  circuitry  is  iden¬ 
tical,  only  the  Collins  altimeter  channel  will  be  discussed. 

It  is  assumed  that  for  each  altimeter  channel  the  signal 
source  impedance  of  the  altimeter  is  less  than  100  Q  and  that  the 
scale  factor  may  range  between  100  to  250  MV/ft.  It  is  also  as¬ 
sumed  that  the  altimeter  signal  is  always  positive.  The  input 
stage  in  Fig.  A9-1  is  a  fixed  gain  buffer  amplifier  that  has  a 
high  input  impedance  (1  Mfi)  and  hence  does  not  significantly  load 
the  altimeter  signal.  Its  gain  is  set  by  the  negative  ratio  of 
feedback  resistance  (1  Mfi)  to  input  resistance  (1  Mfi)  and  is 


the  DCOA's  used  in  the  five- 
to  contribute  a  significant 
Measurements  made  on  the 

latter  statement  when  the 
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therefore  -1.000  nominally.  The  10  pF  feedback  capacitance  pro¬ 
vides  high  frequency  stability  in  the  closed  loop;  it  has  an  in¬ 
significant  effect  on  the  stage  transfer  function  for  signal  fre¬ 
quencies  up  to  20  Hz.  The  network  involving  the  diode  causes 

the  output  of  the  buffer  amplifier  to  limit  at  -8.4  V.  Hence, 
linear  amplification  occurs  for  outputs  down  to  -8.4  V  and 

correspondingly  for  inputs  up  to  +8.4  V.  This  corresponds  to 

height  signals  ranging  between  0  and  84  ft  and  between  0  and  33.6 
ft,  depending  on  the  altimeter  scale  factor  (assumed,  as  noted 
above,  to  range  between  100  and  250  MV/ft). 

The  second  stage  is  a  scale  adjustment  amplifier  that  per¬ 
mits  the  output  scale  factor  at  node  E^^  to  be  adjusted  to  -250 

MV/ft.  This  adjustment  therefore  permits  absorption  of  the  altim¬ 
eter  scale  factor  tolerance  and  first-  and  third-stage  amplifier 
gain  tolerances.  The  stage  gain  is  given  by  the  negative  ratio 
of  feedback  resistance  (R&  +  P^)  to  R  .  For  a  specified  altimeter 

scale  factor  in  the  100  to  250  MV/ft  range,  is  first  set  to  0  SI 

and  R^  is  then  selected  to  yield  a  scale  factor,  at  node  of 

-245  ±5  MV/ft.  Then  P^  is  adjusted  to  bring  the  scale  factor  to 

the  desired  -250  MV/ft  ±0.1%.  The  10  pF  feedback  capacitance 
provides  high  frequency  stability  in  the  closed  loop  without  af¬ 
fecting  the  signal  frequency  transfer  function  up  to  20  Hz. 

The  third  and  last  stage  is  the  offset  adjustment  amplifier 
that  may  be  used  to  compensate  for  any  altimeter  bias  ranging  be¬ 
tween  0  and  +31  ft.  The  stage  gain  to  the  altimeter  signal  is 
set  by  the  negative  ratio  of  the  feedback  resistance  (R^)  and  in¬ 
put  resistance  (Rc)  and  is  therefore  -1.000  nominally.  Before 

discussing  the  offset  adjustment,  it  should  be  noted  that  the  max¬ 
imum  linear  signal  range  at  node  E ^  is  +10.0  V  and  is  -10.0  V  at 

node  Eqja  if  the  altimeter  scale  factor  is  100  MV/ft,  the  scale 

adjustment  amplifier  gain  must  be  -2.50  VDC/VDC  and  nodes  EQ2  and 

Eq^  are  then  limited  to  altimeter  signals  not  exceeding  40  ft. 

For  an  altimeter  scale  factor  ranging  between  100  and  210  MV/ft, 

node  EQ1  is  above  or  equal  to  the  -8.4  V  limit  level  and  nodes  Eq2 

and  Eq^  ate  limited  to  altimeter  signals  not  exceeding  40  ft  based 

on  the  linear  signal  range  of  the  third  amplifier  stage.  For  an 
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altimeter  scale  factor  ranging  between  210  and  250  MV/ft,  nodes 
and  EQ3  are  limited  to  altimeter  signals  ranging  between  40 

and  33.6  ft,  based  on  the  -8.4  V  limit  level  of  the  buffer  amplifier 
(first  amplifier  stage). 

The  effects  of  changes  in  DC  offset  in  all  three  amplifier 
stages  can  be  shown  to  be  negligible  when  measured  at  node  E03‘ 

For  all  environments  (temperature:  25°C  ±10°C;  power  supply:  ±15V 
+1%) ,  node  EQ3  should  not  change  by  more  than  1  MVDC  due  to  the  DC 

offset  changes  in  all  three  stages;  this  is  equivalent  to  an  altim¬ 
eter  error  not  exceeding  0.004  ft. 

The  offset  adjustment  in  the  third  stage  is  best  described 
using  Fig.  13,  which  shows  the  complete  circuit  of  this  stage.  The 
circuit  is  used  in  the  third  stage  of  each  altimeter  channel.  The 
switch  SW1  and  potentiometer  P2  are  not  mounted  on  the  card  and 
hence  are  not  shown  in  Fig.  A9-1.  The  correspondence  between  the 
resistors  in  the  circuits  of  Fig.  13  and  Fig.  A9-1  may  be  checked 
by  observing  the  labelling  of  the  resistors.  The  scale  factor  at 
node  E^  is  +250  MV/ft.  If  the  altimeter  has  a  bias  anywhere  in 

the  range  0  to  +31  ft,  it  may  be  nulled  out  by  adjusting  the  volt¬ 
age  E^  via  SW1  and  voltage  E^  via  potentiometer  P2.  The  equivalent 

scale  factor  at  each  of  the  nodes  E  and  E,  is  -250  MV/ ft  because 

3  D 

the  summing  resistances  Rc,  R^,  and  Rg  are  all  equal  in  value.  At 
node  E^  the  voltage  may  be  changed  in  steps  of  -1.25  V,  which  is 
equivalent  to  -5.0  ft  steps  (nominally).  At  node  E^  the  voltage 

may  be  continuously  changed  from  0  to  -1.5  V,  which  is  equivalent 

to  0  to  -6  ft.  Taken  together,  E  and  E,  may  be  adjusted  to  null 

a  d 

out  any  altimeter  bias  at  node  E^  from  0  to  +31  ft.  Once  adjusted, 

the  bias  voltages  Eg  and  E^  should  not  drift  significantly  since 

any  drift  results  in  an  altimeter  error.  Consequently,  R3,  P 3» 

the  3K  ft  resistors,  R  ,  R  ,  R  ,  and  Rc,  in  addition  to  the  1N938B 

c  d  e  f 

zener  diode  potential,  each  require  stability  against  temperature 
changes  so  that  E^3  does  not  change  by  more  than  0.15%  (->  <0.05  ft 

in  worst  case).  Assuming  a  25°C  ±10°C  temperature  environment  and 
a  power  supply  (-15  V)  change  of  less  than  ±1%  due  to  all  environ¬ 
ments,  these  limits  should  be  met  using  the  specified  components. 

The  10  pF  feedback  capacitance  in  Fig.  13  provides  high 
frequency  stability  in  the  closed  loop  without  affecting  the  sig¬ 
nal  frequency  transfer  function  up  to  20  Hz. 
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Card  #4,  Fig.  A4-1,  Schematic  of  MCU  Altimeter  Filter  Circuits 

Figure  A4-1  is  a  schematic  of  the  altimeter  filter  circuits. 
This  schematic  includes  the  single  stage  high-pass  filter  and 
single  stage  low-pass  filter  shown  in  the  altimeter  signal  path 
in  Fig.  12.  The  transfer  function  for  the  high-pass  filter  stage 
is  given  by 

(t.s) 

V  _ _ ~ _ 

23  (t.s  +  1)(t  s  +  1) 
b  e 

(70) 


J01 


(R1C1S ) 


(R^s  +  1)(R2C2s  +  1) 


where 


T 

e 


R1C1» 


R2C2  ‘ 


and 


K22  is  the  high  frequency  gain  in  the  single  stage  high- 
pass  filter  block  in  Fig.  12,  C2  in  Fig.  A4-1  is  used  to  ensure 

high  frequency  stability  of  the  DCOA  in  the  closed  loop  and  is 

responsible  for  the  real  pole  whose  time  constant  is  t  =  R„C„  = 

—6  ®  2  2 

69.4  (10  )  s,  corresponding  to  a  cutoff  frequency  of  close  to 

2.3  kHz.  At  signal  frequencies  at  or  below  20  Hz,  this  pole  may 

be  neglected.  Assuming  signal  frequencies  >>  ^2yy-J,  where  t^  fa 

25.5  s,  but  not  exceeding  20  Hz,  Eq.  70  becomes  b 

E01  R2 

g —  =  =  -  1.359  (nominally)  .  (70a) 


To  minimize  errors  in  the  summation  at  summation  amplifier, 
block  in  Fig.  12,  t^  was  chosen  at  approximately  25  s.  Test 

data  indicate  that  most  signal  frequencies  are  >> 
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The  relay  is  for  the  purpose  of  keeping  from  attaining 

a  large  charge  during  equipment  turn-on  when  the  relay  is  in  the 
reset  position.  The  high  frequency  gain  may  be  trimmed  to  yield 
the  desired  output  scale  factor  (0.3397  V/ft)  by  appropriately 
selecting  resistance  R^. 


The  transfer  function  of  the  low-pass  filter  stage  is  given 
by 


_ 1 

R6c3s 


K 


24 


(t  s  +  1)  ’ 
c 


where 


=  R6C3 


(71) 


K2^  is  the  low  frequency  gain  in  the  single  stage  high-pass 
filter  block  in  Fig.  12.  At  signal  frequencies  <<  where 

tc  *«  25.5  s,  Eq.  71  becomes  C 


=  -  2.000  (nominally) 


(71a) 


The  relay  K2  is  for  the  purpose  of  keeping  from  attaining 

a  large  charge  during  equipment  turn-on  when  the  relay  is  in  the 
reset  position.  The  low  frequency  gain  may  be  trimmed  to  yield 
the  desired  output  scale  factor  (500  MV/ft)  by  appropriately  se¬ 
lecting  resistance  R^. 

The  effect  of  DC  offset  in  the  high-pass  filter  DCOA  would 
merely  add  a  DC  component  to  the  h^  and  values.  However,  it  can 

be  shown  that  the  equivalent  height  due  to  this  offset  is  negligibl 
At  node  Eq^  in  Fig.  A4-1,  the  maximum  DC  offset  due  to  all  environ¬ 
ments  should  not  exceed  3  MV,  which  translates  into  a  height  error 
of  less  than  0.01  ft  for  a  scale  factor  of  0.3397  V/ft  at  node  E^. 
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With  respect  to  DCOA  DC  offset  in  the  low-pass  filter,  this 
would  produce  an  insignificant  error  in  the  measurement  of  average 
height  h^.  At  node  Eq£  the  maximum  DC  offset  due  to  all  environ¬ 
ments  should  not  exceed  3  MV,  which  translates  into  a  height  error 
of  less  than  0.01  ft  for  a  scale  factor  of  500  MV/ft  at  node  E^- 

Card  #7,  Fig.  A7-1,  Schematic  of  MCU  System  Output  Signal  Conditioner 

Figure  A7-1  is  a  schematic  of  the  MCU  output  signal  condi¬ 
tioner,  which  consists  of  four  sections: 

1.  Adjustable  gain  summing  amplifier.  This  is  block  K-, 

in  Fig.  12.  The  inputs  to  this  block  are  signals  pro¬ 
portional  to  (+h  )  and  +(hw~hv) .  These  signals  are 

summed  in  the  correct  proportions  to  produce  a  signal 
proportional  to  [ (+h  )  +  (h^  -  hv> ]  =  hw;  this  is  the 

desired  wave  height  independent  of  ship's  motion  with 
a  scale  factor  of  1.000  ft/V. 

2.  Adjustable  gain  scaling  amplifier.  This  is  block 

in  Fig.  12.  The  input  to  this  block  is  a  signal  pro¬ 
portional  to  (+hv) ;  the  output  is  a  signal  properly 

scaled  to  yield  a  scale  factor  of  1.000  ft/V. 

3.  Buffer  amplifier.  This  is  block  in  Fig.  12.  The 

input  to  this  block  is  a  signal  proportional  to  (+hp) 

at  the  scale  factor  2.000  ft/V.  The  output  has  an 
identical  scale  factor.  The  amplifier  is  used  to  iso¬ 
late  the  load  from  the  preceding  single-stage  low-pass 
filter  stage  (see  Fig.  12). 

4.  True  rms-to-DC  converter.  This  is  block  K„,  in  Fig.  12. 

Zo 

This  block  converts  the  rms  value  of  the  input  h  wave¬ 
form  into  an  equivalent  DC  voltage.  w 

The  adjustable  gain  summing  amplifier  in  Fig.  A7-1  has  two 
input  signals:  one  proportional  to  (+h  ) ,  the  ship's  vertical 

motion  that  has  been  processed  in  the  accelerometer  channels;  the 
other  proportional  to  +(h  -  h  ),  which  is  the  difference  between 

W  V 

the  wave  height  we  desire  to  measure  and  the  ship's  vertical  motion 
and  has  been  processed  in  the  altimeter  channel.  This  amplifier 


-  122 


THE  JOHNS  HOPKINS  UNIVERSITY 

APPLIED  PHYSICS  LABORATORY 

LAUREL  Maryland 


is  required  co  properly  sum  the  signals  so  that  its  output  at  node 
is  proportional  only  to  h^  (i.e.,  the  hv  contribution  is  nulled 

out)  and  also  so  that  the  desired  scale  factor  of  1.000  ft/V  is 
attained.  Nominally,  the  scale  factor  at  input  node  E^  is  0.3397 

V/ft.  Consequently  the  effective  nominal  scale  factor  at  node  Eg 

must  also  be  0.3397  V/ft  for  the  signals  to  sum  properly.  The 
nominal  scale  factor  at  node  Efl  may  be  verified  by  referring  to 

Fig.  12  and  noting  that  the  constants  K^,  and  have  been 

assigned  the  following  nominal  values: 

K  =2.50  V/g;  K=  -0.700  VDC/VDC;  K, .  =  -6.25  rad2/s2. 
a  1 J  14 


The  transfer  function  from  z  to  node  E^,  the  output  of  the 
five-stage  high-pass  filter,  in  Fig.  12  is  given  by 


E  x  5  s3 

=  KaK13K14  a"  *  5 

z  (x  s  +  1) 


(72) 


At  signal  frequencies  »  »  Eq-  72  becomes  to  a  good 

approximation  a 


E  K  K,,K.. 
a  ^  a  13  14 


(73) 


Noting  that  z/s2  =  z  =  h  (assuming  cp  =  0  =  0°),  then 

V  —  '  * 


4*KL  X,  «  —  —  -  X  (-0.700  ~1  X 
hy  a  13  14  g  V  VDC) 


25 


rad 


1  g  s 


32.2  ft 


0.3397  V/ft  . 


(74) 


Since  the  desired  amplifier  output  scale  factor  is  1.000 
V/ft,  it  should  have  a  nominal  gain  of  (1.000  V/ft)/(0.3397  V/ft)  = 
2.944  volts/volt.  This  is  the  nominal  gain  that  has  been  assigned 
to  block  K1(.  in  Fig.  12. 
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The  actual  scale  factor  at  node  E,  in  Fig.  A7-1  has  been 

D 

established  at  the  desired  value  of  0.3397  V/ft  within  a  tolerance 
of  ±0.25%  by  prior  adjustment  of  the  gain  constants  (and  K22) 

and  K22  ^  the  blocks  shown  in  Fig.  12  (see  also  Figs.  A9-1  and 

A4-1) . 


Because  of  component  tolerance,  mainly  in  the  five-stage 
high-pass  filter  block  in  Fig.  12,  the  scale  factor  at  node  E^  in 

Fig.  A7-1  may  deviate  significantly  from  the  desired  value  of  0.3397 
V/ft.  Two  adjustments  have  been  provided  on  the  adjustable  gain 
summing  amplifier: 

1.  Adjustment  potentiometer  P^,  which  is  adjusted  so  that 

signals  at  nodes  E&  and  E^  sum  in  the  correct  propor¬ 
tions,  and 

2.  Adjustment  potentiometer  P2>  which  is  adjusted  so  that 

the  scale  factor  at  the  output  node  E_  is  the  desired 
value  of  1.000  V/ft. 

The  transfer  functions  from  node  E  to  node  E_,  and  from 

a  01 

node  E^  to  node  EQ1  are  (see  nomenclature  in  Fig.  A7-1) : 


For  Node  E  to  Node  E„, 
_ a _ 01 


"01 


(v*  \) 


(75) 


From  Node  E,  to  Node  E„, 
_ b _  01 


(76) 


These  transfer  functions  neglect  the  negative  real  pole 
(i.e.,  low-pass  filtering)  introduced  by  the  0.01  MFD  feedback 
capacitor  in  the  adjustable  gain  summing  amplifier.  The  maximum 

time  constant  corresponding  to  this  pole  is  [0.01  (10-6)]  x  [46. 4K 

+  25K]  =  714  (10  ^)  s  corresponding  to  a  cutoff  frequency  of  about 
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220  Hz.  Since  signal  frequencies  are  <<  220  Hz,  the  above  transfer 
functions  become  very  good  approximations  to  the  actual  transfer 
functions.  For  the  scale  factors  at  node  due  to  signals  and 

to  be  identical  we  require  that  Ra  be  adjusted  as  follows: 


R 

a 


(77) 


Eq.  77  was  obtained  by  equating  Eq.  75 
tiometer  should  be  adjusted  so  that  Eq.  77 


to  Eq.  76.  Hence  poten- 
is  satisfied.  In  prac¬ 


tice,  the  adjustment  may  be  made  by  injecting  a  signal  equivalent 
to  hv  =  h  ^  sin  [2ir(1.0)t]  into  the  altimeter  channel  (in  place  of 

the  altimeter)  at  the  input  to,  for  example,  block  (Fig.  12)  and 


injecting  a  suitably  proportioned,  precisely  known  signal  into  the  z 


accelerometer  channel  (in  place  of  the  z  accelerometer)  at  the  input 
to  block  (Fig.  12).  This  signal  represents  a  vehicle  oscillating 

in  the  vertical  direction  at  a  1.00  Hz  rate  with  an  h^  ft  amplitude. 

The  proper  amplitude  of  the  z  signal  is  derived  from  the  hv  signal, 

assuming  gain  has  been  established  for  a  known  altimeter  scale 

factor  K  (Fig.  12),  thereby  yielding  a  precisely  known  scale  factor 

o 

of  -0.250  V/ft  at  the  input  to  the  single-stage  high-pass  filter 
block  in  the  altimeter  channel  (Fig.  12).  Thus,  if  K  is  0.200  V/ft, 

K21  wou^  have  been  adjusted  to  be  -1.25  V/V.  The  proper  sign  of 

the  z  signal  relative  to  the  h^  signal  is  established  by  noting  that 

a  positive  acceleration  z  (=  h  )  is  in  the  downward  direction  and 

requires  a  positive  voltage  at  the  input  to  z  channel.  However  a 
positive  acceleration  of  the  vehicle  would  cause  the  altimeter  to 
register  a  positive  output  voltage  and  hence  the  signs  of  both  sig¬ 
nals  should  be  identical.  Having  established  the  proper  amplitudes 

and  signs  of  both  the  hv  and  z  signals,  we  seek  a  null  at  Eq^  output 
node  in  Fig.  A7-1  by  adjusting  potentiometer  P^.  This  is  the  de¬ 
sired  mode  of  operation  of  the  system  since  Eni  should  not  respond 
to  signal  hy  representing  vehicle  motion. 


The  amplitude  of  the  z  signal  voltage 
follows : 


is  determined  as 
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E,  =  K  hvl  =  equivalent  amplitude  of  output  voltage  of 

v  ®  V  altimeter  for  given  amplitude  of  vehicle 

motion  h  „ ;  (7 

vl 


h  .  =  h  1  a)  =  amplitude  of  vehicle  acceleration,  where 
vi  a)  =  2irf  and  f  =  1.00  Hz;  and  (79) 

2 

E-  =  k  h  ,  =  K  h  ,(11  =  Equivalent  output  voltage  of  accel- 

h  avl  avl  M  - 

v  erometer  for  given  amplitude  of  motion 


h  , ,  with  h  ,  given  in  terms  of  E, 
vl*  vl  hv 


and  K  by  Eq.  78. 
g 


Solving  these  equations  for  E“  in  terms  of  E,  : 

n  n 

v  v 


/  F  \ 

„  ,,2/  hvl 

Eh  "  Ka“  1  K  )  ' 
v  \  g  / 


If  K  =  2.50  -  x  =  0.07764  V/(ft/s2)  and  K  =  0.200  V/ft, 

3  g  0  Z  1 1  g 

=>  2irf  =  2 it  rad/s  for  f  =  1.000  Hz,  then 


E*" 

hv  _  0 . 07764  v/s2  „  4tt2  rad2  „  ft  _ 

_  f  x  __  x  _____  15.32  V/V  .  (82) 

h  s 

v 


In  this  case  the  signal  applied  to  the  z  channel  input 
should  be  15.32  times  the  amplitude  of  the  signal  applied  to  the 
hv  channel.  This  gain  can  be  obtained  with  good  accuracy  (=  ±0.05%) 

by  using  precision  resistors  to  establish  the  closed  loop  gain  for 
a  high  open  loop  gain  DC0A  external  to  the  MCU  system.  Assuming  the 
DCOA  is  connected  for  a  gain  of  -15.32,  another  DCOA  is  required  to 
yield  a  gain  of  -1.000  for  an  overall  gain  of  +15.32.  This  is  nec¬ 
essary  because  the  sign  of  the  E^  and  Ej^  signals  should  be  identical. 

For  good  accuracy,  the  frequency  must  also  be  known  precisely  and  a 
precision  counter  capable  of  measuring  the  period  of  a  1  Hz  wave 
(1.000  s)  is  required. 
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If  Ea  and  E^  node  scale  factors  (Fig.  A7-1)  were  identical, 

R&  would  equal  R^  and  the  gain  from  either  node  to  E^^  node  would 

be  identical  for  both  signals  and  would  be  (1.000  V/f t)/(0. 3397  V/ft) 
or  2.944  V/V  nominally.  In  general  these  scale  factors  are  not  equal 
and  to  adjust  node  Eq^  to  the  required  value  of  1.000  V/ft,  an  ad¬ 
justment  of  potentiometer  is  made.  This  adjustment  would  be  made 
after  potentiometer  has  been  adjusted.  In  practice  the  adjust¬ 
ment  may  be  made  by  injecting  a  precisely  known  signal  into  the  z 

channel  input  (in  place  of  the  z  accelerometer)  and  noting  the  out¬ 
put  at  node  E^.  A  1.000  Hz  signal  source  may  again  be  used  for 

tne  z  input.  The  equations  that  now  apply  are  the  following: 

Let  the  injected  signal  be  equivalent  to  z  =  z^  sin  out, 
where  to  =  2irf,  f  =  1.000  Hz,  z  amplitude  of  acceleration. 

Then 

E"  =  K  z  =  equivalent  amplitude  of  output  voltage  of  ac- 

Z  cL  d.  •• 

celerometer  for  given  acceleration  amplitude  z^. 

(83) 

Also 

z  =  h^  =  //  z  dt  dt  =  -  sin  cot  =  -  h^  sin  cot,  (84) 


where  the  amplitude  of  the  equivalent  vehicle  motion  is 


(85) 


The  equivalent  amplitude  of  the  output  voltage  at  node  E^^ 

of  Fig.  A7-1  should  be  for  a  scale  factor  of  (1/K  )  where  K  is 

e  e 

the  wave  height  scale  factor  (1.000  ft/V  desired)  in  Fig.  12: 
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where  z-  is  given  in  terms  of  E*#  and  K  by  Eq.  83. 
1  z  a 


(86) 


Solving  Eqs.  86  and  83  for  in  terms  of  E", 

v 


77T  =  Eoi  of  Fi*‘  A7-x- 

K  K  01 
a  e 


(87) 


If  K  =  0.07764  V/ (ft/s2)  =  2.50  V/g  and  K  =  1.000  ft/V,  u  =  2irf 
a  e 

=  2tt  rad/s  for  f  =  1.000  Hz,  then 


0.07764  V/s 


2  *  1.000  ft 


=  0.3263  V/V  . 


4tt  rad 


(87a) 


In  this  case,  the  output  at  node  E^  should  be  0.3263  times 
the  signal  applied  to  the  z  channel  input.  The  sign  of  the  E^  sig¬ 
nal  should  be  opposite  to  that  of  the  z  signal.  Assume  now  that 
the  EQ1  signal  is  amplified  precisely  by  a  gain  of  -  (q  3^3)  = 
-3.065  using  an  external  precision  DC0A  with  precision  gain  setting 

resistors.  Also  assume  that  the  signal  applied  to  the  z  input  is 
amplified  by  a  gain  of  precisely  -1.000  using  another  external  pre¬ 
cision  DCOA  with  precision  gain  setting  resistors.  Then  the  sum  of 
the  two  output  signals  from  the  DCOA  should  be  exactly  zero  if  the 
gain  of  block  (Fig.  12),  the  adjustable  gain  summing  amplifier, 

has  been  properly  set.  Hence,  the  procedure  is  to  sum  the  two  out¬ 
put  signals  at  the  input  of  another  external  precision  DCOA  having 
-1.000  gain  to  both  signals  and  to  adjust  potentiometer  P2  in  Fig. 

A7-1  until  a  null  is  observed  at  the  DCOA  summing  amplifier  output. 
For  good  accuracy,  a  precision  counter  should  be  used  to  measure 
the  1.000  Hz  test  frequency. 
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Any  DC  offset  in  the  DCOA  used  for  the  adjustable  gain  sum¬ 
ming  amplifier  of  Fig  A7-1  will  result  in  an  equivalent  output  DC 
height  error  at  node  Eq^.  The  output  DC  offset  at  node  E^  should 

not  exceed  4.0  MV  for  all  environments;  hence  the  equivalent  height 
error  should  be  less  than  0.01  ft,  which  is  negligible  for  a 
node  scale  factor  of  1.000  ft/V. 

The  true  rms-to-DC  converter  (Fig.  A7-1)  is  an  Analog  De¬ 
vices  model  AD536KD  IC  device  that  converts  the  rms  value  of  the 
wave  height  h^,  at  node  E^^  of  the  adjustable  gain  summing  ampli¬ 
fier,  to  an  equivalent  DC  voltage.  Its  scale  factor  is  1.000  VDC/ 
Vrms;  since  node  EQ^  scale  factor  is  1.000  V/ft  for  instantaneous 

height  quantities  and  is  correspondingly  1.000  Vrms/(ft  rms),  the 
equivalent  scale  factor  at  the  output  of  the  true  rms-to-DC  con¬ 
verter  is  1.000  VDC/ (ft  rms).  According  to  the  manufacturer,  the 
AD536KD  computes  the  true  rms  level  of  a  complex  AC  (or  AC  plus 
DC)  input  signal  and  gives  an  equivalent  DC  output  level.  It  has 
a  crest  factor  compensation  scheme  that  allows  measurements  within 
1%  error  at  crest  factors  up  to  6.  Note:  crest  factor  is  the  ratio 
of  the  peak  signal  to  the  rms  value.  The  300  MFD  capacitor  connected 
between  its  pins  4  and  14  sets  the  averaging  period.  For  this  value 
capacitance,  the  reading  error  (in  addition  to  its  normal  error) 
should  not  exceed  1%  for  signals  concentrated  at  0.04  Hz.  At  sig¬ 
nal  frequencies  above  0.04  Hz  the  error  decreases,  and  at  0.14  Hz 
the  reading  error  should  not  exceed  0.1%.  Assuming  all  error 
sources  add  on  an  rss  basis,  the  overall  accuracy  for  signal  fre¬ 
quencies  above  0.04  Hz  should  be  better  than  ±1%.  Any  output  DC 
offset  may  be  nulled  by  means  of  potentiometer  in  Fig.  A7-1. 

Changes  caused  by  environment  should  not  exceed  2  MV  so  that  for  a 
scale  factor  of  1.000  ft  rms/VDC,  the  equivalent  rms  height  error 
should  not  exceed  0.002  ft,  which  is  negligible. 

The  adjustable  gain  scaling  amplifier  in  Fig.  A7-1  corre¬ 
sponds  to  block  K^,.  in  Fig.  12.  Its  output  is  a  measure  of  ship's 

vertical  motion  h  .  The  nominal  scale  factor  at  its  input  node  E 
v  a 

is  0.3397  V/ft.  The  desired  output  scale  factor  at  node  Eq2  is 

1.000  V/ft;  hence  the  nominal  amplifier  gain  is  (1.000  V/ft)/ 

(0.3397  V/ft)  =  2.944  V/V.  Since  the  scale  factor  at  node  E  has 

a 

a  wide  tolerance,  the  gain  of  this  amplifier  must  be  set  via  poten¬ 
tiometer  to  compensate  for  this  tolerance.  This  adjustment  may 

be  made  at  the  same  time  that  potentiometer  P2  is  adjusted,  using 

the  same  technique  with  external  DCOA's  and  precision  resistors  as 
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explained  above.  The  only  difference  is  that  the  output  voltage 
is  now  measured  at  node  Eq2  instead  of  node  Eq^.  Since  the  output 

scale  factor  at  node  Eq2  is  identical  to  that  at  node  Eg^,  the 

closed  loop  gains  of  the  external  DCOA's  do  not  change  for  this 
measurement.  The  transfer  function  for  the  adjustable  gain  scal¬ 
ing  amplifier  is  given  by  (see  Fig.  A7-1) 


(88) 


The  effect  of  the  0.015  MFD  feedback  capacitor  in  Fig.  A7-1 
has  been  neglected  in  Eq.  88.  Its  effect  is  to  introduce  lag-lead 
factors  in  the  transfer  function  with  the  worst  case  lag  time  con¬ 
stant  being  20. 5K  [(0.015)10  6]  “  308  (10  6)  s  corresponding  to  a 
lag  cutoff  frequency  of  about  520  Hz.  The  corresponding  lead  time 

constant  is  82.5  (10  **)  s  corresponding  to  a  lead  cutoff  frequency 
of  about  1.93  kHz.  The  effect  of  this  capacitor,  therefore,  at 
signal  frequencies  below  20  Hz  may  be  neglected. 

Any  DC  offset  of  the  DCOA  used  for  the  adjustable  gain 
scaling  amplifier  of  Fig.  A7-1  will  result  in  an  equivalent  out¬ 
put  DC  height  error  at  node  Eg2*  The  output  DC  offset  at  node 
Eq2  should  not  exceed  3  MV  for  all  environments;  hence  the  equiv¬ 
alent  height  error  should  be  less  than  0.01  ft,  which  is  negligible 
for  a  Eq2  node  scale  factor  of  1.000  ft/V. 

The  buffer  amplifier  in  Fig.  A7-1  is  block  in  Fig.  12 

and  is  used  to  Isolate  the  load  from  the  single-stage  low-pass 
filter  block  preceding  it.  It  has  unity  gain  and  negligible  DC 
offset.  Since  the  input  scale  factor  has  been  set  at  0.500  V/ft, 
the  output  scale  factor  is  the  same.  The  0.33  MFD  feedback  capac¬ 
itor  ensures  high  frequency  stability  for  the  closed  loop. 

It  will  be  noted  in  Fig.  A7-1  that  all  amplifier  outputs 
are  isolated  from  DAS  inputs  by  5.11K  resistors.  If  the  DAS  in¬ 
puts  are  inadvertently  shorted  to  ground,  the  resistors  prevent 
damage  to  the  amplifier  output  circuits.  All  DAS  inputs  are  as¬ 
sumed  to  have  input  impedances  k  l  Mi5.  The  signal  loading  at  the 
5.11K  resistor  outputs  is  therefore  about  0.5%  or  less. 
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In  Fig.  A7-1,  the  relays  and  provide  means  for  dis¬ 
connecting  the  MCU  outputs  from  DAS  inputs. 

Card  #  10,  Fig.  A10-1,  Schematic  of  MCU  Reset  Timing  and  Control 

Figure  A10-1  is  a  schematic  of  the  timing  and  control  cir¬ 
cuitry  for  activating  the  relays  on  the  various  cards. 

When  power  is  first  turned  on,  the  +5  V  supply  is  applied 
instantly  to  the  NE556A  dual  timer  unit  at  its  V  pin  14.  Timers 

Nos.  1  and  2  are  both  operated  as  one-shot  multi-vibrators  and  re¬ 
quire  trigger  signals  to  initiate  the  timing  cycles.  Also  applied 
is  +5  V  to  the  trigger  pin  6  of  timer  No.  1  through  resistance 

(147K).  Capacitor  C^,  which  is  connected  to  trigger  pin  6,  however, 

is  initially  discharged  so  that  the  trigger  potential  with  respect 
to  ground  rises  exponentially  at  power  turn-on  from  zero  toward  5  V 
with  time  constant  R..C  (=  0.323  s).  If  the  trigger  potential  is 

.  5V 

below  the  threshold  level  of  about  V  / 3  =  — ~  =  1.67  V,  the  timing 

cc  3 

of  timer  No.  1  will  begin.  Since  the  trigger  potential  initially 
starts  at  0  V  (which  is  <1.67  V),  timer  No.  1  has  effectively  been 
reset  by  the  trigger  potential  at  power  turn-on  and  begins  its 
timing.  This  timing  is  set  by  components  R2C2-  C2  char8es  from 

initially  0  V  exponentially  through  R2  from  the  +  5  V  supply.  When 

its  potential  reaches  2  V  /3  =  3.33  V,  the  capacitor  charge  reaches 

the  reset  potential  at  the  threshold  pin  2  and  C2  rapidly  discharges 

and  the  circuit  awaits  the  initiation  of  the  next  timing  cycle  from 
the  trigger  source  at  pin  6.  The  time  for  C2  to  reach  the  3.33  V 

threshold  potential  is  about  1.1  R2C  =  27  s  and  this  is  the  nominal 

duration  of  the  timing  interval.  Before  this  timing  cycle  ends, 
the  trigger  potential  at  pin  6  rises  above  its  threshold  level  (in 
about  130  ms  after  power  turn-on)  so  that  it  is  no  longer  capable  of 
restarting  the  timing  cycle. 

During  timer  No.  1  cycle  time  (27  s)  after  power  turn-on, 
the  output  potential  at  pin  5  is  high  at  close  to  +5  V  and  hence 
transistor  receives  base  current,  which  switches  it  into  its 

saturated  state.  All  relay  coils  connected  to  the  collector  of 

are  then  activated.  The  contacts  associated  with  these  relays  act 
to  short  all  large  value  capacitors  in  the  various  filter  circuits 
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of  Figs.  A4-1,  A5-1,  and  A6-1  while  allowing  sufficient  warm-up  time 
for  the  DCOA’s  with  which  they  operate.  At  the  end  of  the  27  s 
timing  cycle,  the  output  potential  at  pin  5  drops  below  0.25  V  and 
then  turns  off;  all  associated  relays  are  then  deactivated.  This 

connects  the  capacitor  in  the  various  filter  circuits  for  normal 
operation. 

During  power  turn-on,  timer  No.  2  also  receives  its  trigger 
potential  (at  pin  8)  from  the  charge  across  capacitor  so  that 

its  timing  cycle  is  also  started  at  power  turn-on.  The  cycle  time 
in  this  case  is  set  by  the  timing  components  R^C3  anc*  the  cycle 

ends  when  the  capacitor  potential  reaches  3.33  V.  This  time  is 

about  1.1  =  150  s.  At  the  end  of  the  cycle  time  the  threshold 

potential  (3.33  V)  is  reached  at  pin  12  and  the  capacitor  rapidly 

discharges.  Th<  circuit  then  awaits  initiation  of  the  next  timing 
cycle  from  the  trigger  source.  Since  the  potential  across  has 

risen  above  the  trigger  threshold  level  (in  about  130  ms  after  power 
turn-on)  before  the  timer  No.  2  cycle  has  ended,  it  is  no  longer 
capable  of  restarting  the  timing  cycle. 

During  timer  No.  2  cycle  time  (150  s)  after  power  turn-on, 
the  output  potential  at  pin  9  is  high  at  close  to  +5  V  and  hence 
transistor  receives  base  current,  which  switches  it  into  its 

saturated  state.  All  relay  coils  connected  to  the  collector  of 
are  then  activated.  The  contacts  associated  with  these  relays 

act  to  disconnect  all  MCU  output  signals  from  DAS  (see  Fig.  A7-1) 
for  150  s  and  ground  the  DAS  inputs.  This  action  permits  the  MCU 
sufficient  time  to  warm  up  and  allows  all  system  transients  to  die 
down  immediately  after  power  turn-on  before  the  MCU  output  signals 
are  routed  to  the  DAS  inputs. 

After  power  is  turned  on  and  the  system  is  in  normal  oper¬ 
ation,  it  is  possible  to  retrigger  both  timers  and  restart  the 
timing  cycles  and  reactivate  the  respective  relays,  if  desired, 
by  depressing  either  the  pushbutton  (PB)  reset  switch  on  the  front 
panel  or  the  PB  reset  switch  on  the  cockpit  display.  The  timing 
cycle  of  each  timer  may  be  interrupted,  if  so  desired,  by  depress¬ 
ing  the  DCOA  reset  defeat  switch  PB  for  timer  No.  1,  or  the  DAS  out¬ 
put  disconnect  defeat  switch  PB  for  timer  No.  2.  Depressing  either 
PB  switch  grounds  the  respective  reset  input  node  (pin  4  or  pin  10 
on  the  NE556A)  and  causes  the  output  (pin  5  or  pin  9  on  NE556A)  to 
go  low  and  deactivate  all  associated  relays.  Releasing  the  PB 
switch  removes  the  ground,  but  the  output  still  remains  low  unless 
the  timers  are  retriggered  by  depressing  the  PB  reset  switch  on  the 
front  panel  or  the  PB  reset  switch  on  the  cockpit  display. 
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Relay  on  Fig.  A10-1  is  also  activated  by  timer  No.  2  when 

the  other  relays  are  activated.  The  contacts  of  this  relay  supply 
power  to  the  cockpit  display  lamps  and  front  panel  lamps.  When  the 
relay  is  activated,  the  150  s  timer  No.  2  is  in  its  timing  cycle 
and  all  MCU  outputs  are  disconnected  from  the  DAS  inputs.  During 
this  time  interval,  all  red  lamps  will  glow  indicating  that  the  MCU 
is  not  ready  for  signal  readout.  After  the  timing  cycle  ends,  the 
MCU  outputs  are  connected  to  the  DAS  inputs  and  the  green  lamps 
will  glow  indicating  that  the  MCU  is  ready  for  signal  readout. 

Cockpit  Display  Unit,  Fig.  D1-2,  Cockpit  Control  Display  Unit  Wiring  Diagram 


Figure  Dl-2  is  a  schematic  of  the  Cockpit  Control  Display 
Unit  (CDU)  with  the  green  and  red  lamps  for  indicating  whether  the 
MCU  outputs  are  connected  to  the  DAS.  As  indicated  in  the  discussion 
of  timing  and  control  schematic,  Fig.  A10-1,  the  red  lamp  glow  indi¬ 
cates  no  connections  are  made  and  the  green  lamp  glow  indicates  con¬ 
nections  are  made  and  the  system  is  ready  for  signal  readout. 

Also  shown  in  Fig.  Dl-2  is  the  Cockpit  Display  reset  PB 
switch,  which  is  also  shown  for  reference  purposes  on  Fig.  A10-1. 

If  this  switch  is  depressed,  it  retriggers  both  the  27  s  and  150  s 
timers  into  their  respective  timing  cycles.  The  cockpit  display 
red  lamp  will  then  glow  indicating  that  the  MCU  system  outputs 
have  been  disconnected  from  the  DAS  inputs.  At  the  end  of  the 
150  s  timing  interval,  the  green  lamp  will  glow  on  the  cockpit  dis¬ 
play  indicating  that  the  MCU  outputs  are  ready  to  deliver  signals 
to  the  DAS  inputs. 

The  gyro  compensation  bypass  switch  shown  in  Fig.  Dl-2  when 
in  the  GCU  position,  applies  power  to  a  relay  coil,  the  contacts 
of  which  connect  to  the  GCU  signals.  In  the  bypass  position,  the 
relay  coil  is  deactivated  and  the  GCU  is  bypassed  and  its  signals 
are  not  used.  In  the  latter  case  the  vertical  gyro  is  being  used 
in  its  normal  mode  without  gyro  compensation  for  ship  maneuvers. 

Figure  Dl-2  shows  the  cockpit  display  digital  panel  meter 

manufactured  by  Datel  (model  3100L) .  It  has  been  connected  for  a 

full-scale  capability  of  1.999  V  and  its  input  is  connected  to  the 

rms  wave  height  output  signal,  h  (rms)  in  Fig.  A7-1.  The  display 

w 

scale  factor  is  1  ft  rms/V;  hence  readings  are  directly  in  feet  rms. 
The  input  impedance  of  the  device  (between  pins  4  and  2,  with  pin  2 
being  the  analog  low  side  of  the  signal)  is  100  M0  minimum. 


1 

1 
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Card  #11,  Fig.  A11-1,  Schematic  of  MCU  Ship's  Angular  Motion  Meter  Drive 


Figure  All-1  is  a  schematic  of  the  roll  and  pitch  angle  read¬ 
out  meter  circuits.  The  input  scale  factors  are  each  0.1745  V/deg. 
The  gain  of  each  amplifier  is 


Roll  channel:  Gain 


1000K 
34. 8K 


28.7  (nominal) 


Pitch  channel:  Gain  = 


1000K 
34. 8K 


28.7  (nominal)  . 


The  nominal  scale  factors  at  the  output  nodes  E^  and  are 

0.1745  x  28.7  =  5.01  V/deg.  For  ±2°  full-scale  meter  readings,  the 
LM101AN  DCOA  output  voltage  must  have  a  capability  of  10.02  V.  These 
DCOA's  actually  have  a  guaranteed  output  voltage  capability  of  ±12  V 
into  a  10K  n  load.  Output  limiting  occurs  around  ±13  V  so  that 
should  the  roll  and  pitch  angles  exceed  2°  in  magnitude,  the  meters 
will  be  overloaded  by  a  factor  of  13/10.02  =  1.3.  This  overload 
will  not  damage  the  meters.  Calibration  of  the  nominal  100  pA 
meters  is  accomplished  by  applying  a  known  synchro  angle  of,  for 
example,  2°  and  adjusting  the  respective  potentiometers  and 

for  a  full-scale  deflection  of  the  meter.  These  potentiometers  are 
capable  of  adjusting  the  full-scale  meter  current  within  a  ±5%  range 
and  should  absorb  all  circuit  and  meter  tolerances. 

The  0.01  MFD  feedback  capacitor  across  each  DCOA  serves  to 
provide  high-frequency  stability  in  the  closed  loop  while  providing 
a  low-pass  filter  to  signal  frequencies  with  a  cutoff  frequency  of 
about  16  Hz. 

Card  #  17,  Fig.  A-17-1,  Schematic  of  MCU  System  Test  Reference  Generator 

Figure  A17-1  is  a  schematic  of  the  MCU  system  test  reference 
generator.  This  is  a  two-stage  feedback  sine  wave  oscillator  with 
automatic  adjustment  of  the  loop  gain  to  unity  at  the  frequency  at 
which  the  total  loop  phase  shift  is  exactly  -360°. 
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The  loop  gain  adjusts  itself  to  unity  through  the  limiting 

action  of  the  paralleled  IN459  diodes  that  limit  the  potential  at 

node  E,  to  approximately  0.45  V.  The  transfer  function  of  each 
d  ‘  ‘ 

stage  is  as  follows: 


First  Stage: 


J01 


where 


F  9  9 

02  t' S  +  241t1S  +  1 


T1  =  R1R2C1C2  and 


2C1T1  (R1  +  R2)C2 


(89) 


Second  Stage: 


The  first  stage  is  therefore  a  second-order  low-pass  filter. 
The  second  stage  is  a  pure  integrator  with  -180°  phase  shift  due  to 
the  phase  reversal  of  the  DCOA  and  an  additional  -90°  due  to  the 

integration,  where  S  =  jw,  j  =  /-l,  u  =  2:rf,  and  f  =  signal  fre¬ 
quency.  If  the  signal  freouency  is  the  desired  test  frequency  f^, 
i.e.,  f  =  f^  (with  w  =  2tt f ^  =  u^),  then  at  the  desired  test  fre¬ 
quency  the  second  stage  has  a  total  phase  shift  of  -270°.  For 
oscillations  to  take  place,  therefore,  the  first  stage  must  pro¬ 
duce  a  phase  shift  of  -90°,  making  the  total  loop  phase  shift  ex¬ 
actly  -360°.  This  assumes  that  the  phase  shift  in  the  diode  network 
transfer  function  (E^/Eq^)  is  negligible. 

To  obtain  -90°  phase  shift  in  the  first  stage,  we  require 

2  2 

S  +1  =  0  in  F.q.  89,  for  S  =  Ju)q  =  j 2-rrf ^ ,  at  the  desired  test 
frequency  f^.  The  desired  test  frequency  f^  was  chosen  to  be 
2.00  Hz  nominally. 
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Arbitrarily  we  chose  4^  =  0.500  and  the  signal  level  at  fre¬ 
quency  fg  at  node  Eq^  to  be  8.00  V  peak-to-peak  sine  wave  (or  2.828 

Vrms).  The  magnitude  of  the  first  stage  gain  at  frequency  fQ  is 
as  follows: 


1.000 


(from  Eq. 


89,  with  tx2s2+1  =  0)  .  (91) 


Hence,  it  follows  that  E^  =  8.00  V  peak-to-peak  sine  wave, 

or  2.828  Vrms,  at  frequency  fg.  The  sine  wave  signal  Eq^  become.. 

limited  at  node  E^  due  to  the  limiting  action  of  the  IN459  diodes. 

The  signal  limits  at  about  ±0.45  V  peak-to-peak  at  node  and  it 

therefore  looks  essentially  like  a  square  wave  at  fundamental  fre¬ 
quency  fg.  The  fundamental  component  of  .the  square  wave,  obtained 

by  a  Fourier  analysis  of  the  square  wave,  is  given  by 

„  .  .  2/2~r, 

Ed  (rms)  =  “  Ed  * 


where 

Ed  =  0.45  V  .  (92) 

The  magnitude  of  the  gain  of  the  second  stage  at  frequency 
fg  from  Eq.  90  is 

EQ2  (rms) 

E,  (rms) 
a 

with  Ed  (rms)  given  by  Eq.  92,  and  EQ2  (rms)  =  2.828  vrms. 

Hence  we  require  that  R_C_  be  chosen  such  that,  from  Eqs. 

92  and  93,  J  J 


2irf 


\  c~  »  with  S  =  jcog,  j  =  /T, 


2irf 


0  3  3 


0 

(93) 
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R3C3 


"tr 

d  (rms) 

Jl 

r  Ed  1 

Eq2  (rms) 

2* 

71  fo 

Eq2  (rms) 

With  E,  =  0.45  V,  E.„  (rms)  =  2.828  Vrtns,  fA  =  1.965  Hz  (for 
a  uz  U 

nominal  values  or  R^,  R2,  C^,  in  Fig.  A17-1),  ^^^3  =  0*01160  s. 

C3  was  chosen  to  be  0.775  (10-6),  so  that  R3  =  0. 01160/ [0. 775 (10~6) ]  = 

15. OK  ft  nominally.  The  actual  value  of  R3  (which  absorbed  circuit 

component  tolerances),  shown  in  Fig.  A17-1,  was  14. 7K  ft  and  was 
chosen  to  make  E^  =  2.828  Vrms. 

In  the  MCU  system  tests,  output  E^3  was  set  to  8.00  VPTP 
(potentiometer  P^  was  therefore  set  at  full-scale  value)  with  the 
load  connected,  and  was  set  via  potentiometer  ?  to  0.82  VPTP 

with  the  load  connected. 

The  zener  diode  network  shown  in  Fig.  A17-1  using  the  IN4577 
diode  was  added  to  supply  a  regulated  source  at  -6.4  V  ±5%.  In  the 
MCU  system  tests,  node  E^^  potential  was  measured  to  be  -6.045  V 
with  the  load  connected. 

The  1000  pF  feedback  capacitance  in  the  first  stage  is  used 
to  provide  high-frequency  stability  of  the  DCOA  in  the  closed  loop. 

Its  effect  on  the  first  stage  transfer  function  is  negligible. 

In  order  to  hold  the  net  DC  offset  at  node  E^^  to  a  minimum, 

the  forward  conduction  characteristics  of  the  IN459  diodes  should 
be  reasonably  matched. 

DETERMINATION  OF  THE  SYSTEM  FILTER  TIME  CONSTANTS 
ra  AND  r b 

Figure  14  is  a  block  diagram  of  the  MCU  system,  which  may 
be  used  for  error  analysis.  It  is  desired  to  determine  the  accept¬ 
able  values  of  t  and  t,  time  constants  for  a  given  maximum  error 
a  b 

in  the  measurement  of  wave  height  h  .  In  Fig.  14,  the  signal  pro- 

w 

portional  to  mean  height  h^  cannot  pass  through  the  high-pass  filter 

in  the  altimeter  channel  and  so  does  not  appear  in  Eqs.  1  through  5 
in  the  figures.  In  this  figure,  h^a  is  a  measure  of  the  actual  wave 

height,  h  .  Also,  the  three  accelerometers  are  combined  and  shown 
w 
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as  one  effective  accelerometer  capable  of  measuring  only  the  ver¬ 
tical  component  of  ship's  motion.  Any  error  in  the  combination 
signal  can  be  grouped  into  the  fractional  error  e^.  also  in¬ 
cludes  any  errors  in  the  gain  constants  Ka  (accelerometer  scale 
factor),  and  K^;  these  errors  may  be  caused  by  changes  due 

to  environmental  influences. 

For  the  error  analysis,  we  start  with  Eq.  5  in  Fig.  14. 


h  =  K 
wa  n 


(l+e-X-r  S)' 
_ 1  a 

(t  S+l)5 
a 


(t.  S)  T  8 

T — 2__  h  +  K  — h  , 
(t^S+1)  v  n  t^S+1  w 


where  h  is  the  measured  value  of  h  . 
wa  w 

The  desired  value  of  the  wave  height  at  the  system  output 
is  hw>  and  if  the  system  were  perfect  the  contribution  due  to  hy 

would  be  nil  and  the  net  signal  from  the  altimeter  path  to  the 
output  would  be 

h  =  h  =  K  K-,K__K, ,K  h  =  K  h  for  the  perfect  system, 
wa  w  g  21  23  16  e  w  n  w  * -  J 


Consequently,  from  Eq.  95  it  follows  that  K  must  satisfy 
the  following  equation:  n 


K  =  K  K-.K-.K^K  =  1  . 

n  g  21  23  16  e 


The  error  in  using  h  in  the  imperfect  system  as  a  measure 

of  h  is  then  Wa 

w 


e,  =  h  -  h 
h  wa  w 
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Substituting  Eq.  94  into  Eq.  97  and  making  use  of  Eq.  96, 


e 


h 


(1+e  )(t  S)5 
_ 1  a 

(t  s+i)5 

a 


<v> 

(TbS+l) 


h 


V 


+ 


V 

T.  S+l 
.  D 


h 


w 


(98) 


is  composed  of  two  parts:  an  error  term  involving  and 

another  term  involving  hw;  calling  these  error  terms  and  , 

v  w 

respectively,  we  have 


(1+el)(TaS)5 

<  V+1) 5 


(TbS) 

<TbS+l) 


h 


v 


error  in  measurement  of 

h  due  to  h  and  filter 
w  v 

time  constants  t  ,  t.  ; 

and  a 


(99) 


h 


w 

T.S+1 

.  D 


error  in  measurement  of  h 

w 

time  constant  x,  . 

D 


due  to  filter 

(100) 


Now  consider  the  error  term  e^  given  by  Eq.  99.  The  two 

v 

terms  may  be  algebraically  combined  to  yield  a  common  denominator 
as  follows: 


NX(S) 

Ehv  "  d^TsT  hv  • 


(101) 


where 
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N.  (S)  =  (l+e,)(T  S)5  (x.S+1)  -  t.s(t  S+l)5  and  (102) 

1  J.  3  D  D  SL 

D.(S)  =  (x  S+l)5  (t.S+1)  ,  (103) 

1  E  D 

if  we  let 

x,  =  kx  ,  (104) 

b  a 

where  k  is  some  constant  yet  to  be  determined.  Now  substitute  x^ 

from  Eq.  104  into  Eqs.  102  and  103  and  expand  the  (t^S+1)^  term 

using  the  binomial  expansion  theorem  and  retain  only  the  two  higher 
power  terms  involving  the  variable  S: 

NX(S)  (taS)5  Je 
Dl(S)  (taS)5  |VraS+lJ  .  (106) 

These  equations  are  subject  to  the  following  approximations: 


1(kraS+l)  +  (l-5k)J 


(105) 


| (t  S)4 (l-5k) |  »  k  |10(t  S)3  +  10(x  S)2  +  5(x  S)  +  l| 
a  a  3  3 

(107) 

and 

|(xaS)5|  »  |5  (TaS)4  +  10(TaS)3  +  10(TaS)2  +  5(xaS)  +  l|  , 

(108) 

with  S  =  jw,  w  =  2irf,  f  =  signal  frequency,  and  j  =  /-l. 


Substituting  Eqs.  105  and  106  into  Eq.  101  we  have 


cl(kTaS+1)  +  (1-5k)  I-  1_5k  1  1 

(kt  S  +  l)  v  1  v  kt  S+l  v 

E  L  3 


(109) 
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Let  S  =  jto  in  Eq.  109  and  assume 


kmT  »  1  ;  (110) 

a 

then  Eq.  109  becomes 

.  .  ri-5k 

e.  w  e.h  +  | - 

h  1  v  koT 
v  La 


Eq.  Ill  indicates  that  there  are  two  sources  of  error  that 

make  up  e,  : 

n 


(111) 


1.  e_ ,  the  fractional  error  in  adjusting  the  acceleration 
channel  gain  to  equal  the  altimeter  channel  gain,  and 

2.  An  error  source  inversely  proportional  to  frequency. 


If  £.  0.01,  i.e.,  the  channel  gains  are  within  1%  of  each 

other,  then  if  the  ship's  vertical  height  hv  <  5  ft,  it  follows  that 

due  to  will  be  <0.05  ft,  an  error  bordering  on  insignificance, 
v 


To  determine  the  error  e^  due  to  the  frequency-dependent 

v 

term,  we  need  to  know  the  power  spectrum  density  for  hv.  Figure  15 

is  a  typical  power  spectrum  density  (PSD)  for  the  vertical  acceler¬ 
ation  of  the  ship.  To  be  able  to  use  this  information,  the  frequency 
dependent  term  in  Eq.  Ill  must  be  placed  in  a  form  showing  the  ac¬ 
celeration  variable  h  instead  of  h  itself.  To  do  this,  we  note 

v  v 


h  (S) 
v 


hv(jw) 


(112) 


where  S  =  juo,  and  j  =  /-I  . 


If  we  denote  the  frequency-dependent  error  term  in  Eq.  Ill 
by  ta(“)  and  substitute  Eq.  112  into  Eq.  Ill  we  have 
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(113) 


To  be  able  to  use  Eq.  113  we  must  keep  in  mind  that  relations 
107,  108,  and  110  must  hold.  In  the  MCU  system  design  we  chose  x  = 

ct 

20  s,  and  x,  =  25  s,  and  therefore,  from  Eq.  104,  k  =  1.25.  In 

D 

Fig.  15,  the  lowest  significant  frequency  for  vertical  acceleration 
is  about  1  Hz.  The  minimum  value  of  w  is  therefore  about  6.28  rad/s. 
If  we  substitute  these  values  of  x&,  k,  and  w  in  relations  107,  108, 

and  110,  with  S  *  ju,  j  =  */-l",  we  see  that  each  of  these  relations 
is  satisfied  and  hence  e  (w)  in  Eq.  113  is  a  good  approximation  to 

cl 

Eq.  101  with  N^(S)  given  by  Eq.  102  and  D^(S)  given  by  Eq.  103. 

••  2 

If  we  denote  the  PSD  for  h  by  a  (w) ,  then  the  error  in 

v  J  v 

Eq.  113  may  be  transformed  to  the  following  expression  yielding 

2 

the  mean  squared  error  over  the  frequency  range  of  a  (w) : 


ea(w) 


5k- 1 


kx 


a  2(w) 


dw 


r5k-in 


kx 


n=l 


'&v  [ (n-*s)  Aw] 
[n-4)4o)]^ 


Aw 


(114) 


Because  of  the  irregularity  of  the  PSD  curve  in  Fig.  15,  the 
integration  indicated  in  Eq.  114  will  be  performed  approximately  as 
indicated  on  the  extreme  right  side  of  Eq.  114.  The  calculation 
requires  that  the  curve  be  broken  up  into  small  strips  each  of  width 
2 

Aw.  Then  a is  read  off  the  curve  at  the  midpoint  of  each  strip, 

multiplied  by  the  strip  width  Aw,  and  then  divided  by  the  sixth 
power  of  w  at  the  midpoint  of  the  strip.  All  the  contributions 
thus  calculated,  as  the  number  of  the  strip  (n)  varies  between  1 
and  «,  are  then  summed  to  arrive  at  the  approximation  to  the  inte¬ 
gral.  Beyond  f  -  5  Hz,  the  contributions  are  negligible  as  may 
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be  seen  in  Fig.  15,  since  the  PSD  amplitude  for  all  frequencies 
above  5  Hz  are  zero.  Hence  if  the  strip  width  is  made  0.1  Hz 
(-*•  Ato  =  0.628  rad/s),  (n)  need  run  only  between  1  and  50. 

This  calculation  was  carried  out  with  the  result  that,  for 

x  =  20  s,  t,  =  25  s,  k  =  t.  /t  =1.25  (the  values  used  in  the  MCU 
^  b  n  b  a  _/  a  _o 

system  design),  [e  (to)]  =  69.0  (10  )  ft  ,  or  e  (u)  =  8.30  (10  ) 

3  31 

ft  rms.  This  may  be  considered  a  negligible  error. 

Now  consider  the  error  term  given  by  Eq.  100.  The 

w 

square  of  the  magnitude  of  is  given  by 

w 


w 


e.  i?-  =  -  , 

w|  [l+(meTb)  ] 


(115) 


where  S  -  jto,  j  =  J-l,  and  w  =  to  =  encountered  wave  angular  fre¬ 
quency  seen  by  the  altimeter. 

To  determine  the  error  magnitude  | j ,  we  need  to  know  the 

w 

encountered  PSD,  S  (to  ),  for  h  .  This  is  obtained  from  the  Pierson- 
e  e  w 

Moskowitz  spectral  form  (Ref.  12): 


(116) 


where 


a, 8  =  constants  ; 
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U  =  wind  velocity; 
g  =  gravitational  acceleration; 


=  /  SOd.  =  j"  S(<og)  d  tog;  and 


a  =  rms  height  of  PSD  =  J  S(co)d to 

0  0 
h^^  =  significant  wave  height. 

For  a  moving  ship  the  encountered  PSD,  Se((og),  is  related 
to  the  PSD  of  Eq.  116  as  follows: 


S „(«  )  = 


S(<o) 


e  e 


-  ( 2V_|osJ u  ’ 


(117) 


where  to  is  given  implicitly  in  terms  of  the  encountered  wave  angular 
frequency  o>e  as 


/v  cos  2 
e  V  8  ) 

In  Eqs.  117  and  118, 

V  =  ship  velocity; 
ip  =  heading  angle; 

\j)  =  180°  -*■  heading  sea;  and 
i|t  *  0°  following  sea. 


(118) 


The  following  values  were  assumed  (assuming  h..  for  sea 
state  3):  A/ J 

V  =  40  kt  (67.5  ft/s);  h1/3  =  5  ft;  o  =  0.0081;  8  -  0.74. 
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Two  values  of  ip  were  chosen:  (a)  tp  =  180°  (-*  heading  sea), 
and  (b)  \p  =  90°.  For  these  values  of  \p  the  encountered  PSD's 
become 

.0.74(ij«i)4 

8  398  e  V  u  ) 

s  (u> ■  >  *  -  ,  4-  =  180°  ,  (119) 

e  (o  (l+4.194u) 


2 

with  o)  =  a)  +  2.097  w  . 
e 


-0.74 

ft  ftQfto  \  ^  / 

S  (a)  )  =  S(o>)  =  ■— -6- - r -  ,  =  90°  ,  (120) 

e  e  j 

0) 


with  o)  =  o). 
e 


Se(ue)  for  ip  =  180°  (Eq.  119)  is  plotted  in  Fig.  16  as  a 
function  of  o)g.  Figure  17  is  another  plot  for  se(“e)  except  for 
p  =  90°  (Eq.  120). 

2 

Using  the  curves  of  Se(w  )  we  can  find  | |  from  Eq.  115 

2  6  6  y 

by  replacing  h  by  the  following  integral: 
w 


00 


S(we)du)e 


(n-^JAw 
1 1  e. 


n=l  1+[TbM>A“e] 


,  Aw  (ft  )  . 
l  e 


(121) 


Equation  121  will  be  integrated  approximately,  as  indicated 
on  the  extreme  right  side  of  the  equation,  by  breaking  up  the  Se(wg) 

curve  into  small  vertical  strips,  each  of  width  Awe»  The  Sg  value 

is  then  read  off  the  curve  at  the  midpoint  of  each  strip,  multiplied 

by  the  strip  width  Awe,  and  then  divided  by  the  [I+Oj^t^)  ]  factor 
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evaluated  at  the  midpoint  of  the  strip.  All  the  strip  contributions 
thus  calculated,  as  the  number  of  the  strip  takes  on  values  between 
1  and  are  then  summed  to  arrive  at  the  approximation  to  the  inte¬ 
gral.  From  the  form  of  the  S£ (tJJe )  curves  in  Figs.  16  and  17,  it 

will  be  seen  that  the  number  of  strips  required  will  be  finite 

since  S  (u  )  is  essentially  0  beyond  u  =  40  rad/s  in  Fig.  16  and 
e  e  e 

beyond  =  6.0  rad/s  in  Fig.  17. 

These  calculations  were  carried  out  for  two  values  of  t,  : 

b 

(a)  t,  =  25  s  (value  used  in  MCU  system),  and  (b)  r.  =  12.5  s. 
b  b 

The  following  results  were  obtained: 


ill  =  180°: 

Tb  = 

25  s,  1 

eh  1  = 
w 

0.0138  ft  rms. 

Tb  = 

12.5  s, 

I'h  1 

w 

=  0.0276  ft  rms. 

*  =  90°: 

Tb  = 

25  s,  | 

Eh  !  = 
w 

0.0436  ft  rms, 

Tb  * 

12.5  s, 

I'h  1 

■  0.0870  ft  rms. 

w 


The  worst  value  occurs  for  i p  =  90°  with  t,  =  12.5  s,  with 

b 

|eh  |  not  being  insignificant.  It  is  therefore  wiser  to  use  the 
w 

higher  value  of  (=  25  s)  to  reduce  the  | |  error  by  a  factor 
of  about  two.  w 
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9.  VERTICAL  GYRO  MANEUVER  COMPENSATION  ELECTRONICS 


The  Vertical  Gyro  Maneuver  Compensation  Electronics  (VGMCE) 
is  designed  to  maintain  the  vertical  gyro  spin  axis  parallel  to  the 
local  vertical  in  the  presence  of  ship's  maneuvers. 

Figure  18  is  a  simplified  block  diagram  of  the  VGMCE.  Since 
the  rR  (vertical  gyro  roll  pendulum  angle)  and  rR  (vertical  gyro 

pitch  pendulum  angle)  signals  are  in  the  form  of  400  Hz  suppressed 
carrier  signals,  the  VGMCE  (the  pendulum  simulator)  must  generate 
signals  in  the  same  form.  This  is  the  reason  for  the  use  of  the 
400  Hz  modulators  and  the  400  Hz  reference  signal. 

If  the  ship  is  moving  at  a  constant  velocity  Vg  and  is  turn¬ 
ing  at  rate  iji,  these  quantities  are  measured  by  ship  sensors  and 
presented  to  the  VGMCE  as  DC  analog  voltages.  These  voltages  are 

)  and  K„  (for  yaw  rate  i>) . 

After  amplification,  the  signals  proportional  to  V  and  \p  are  mul- 

®  S 

tiplied  to  develop  a  signal  proportional  to  V  ip.  The  latter  signal 

s 

is  then  passed  through  a  first-order  low-pass  (LP)  filter,  a  non¬ 
linear  gain  stage,  and  then  to  the  400  Hz  modulator.  At  the  output 
of  the  modulator,  a  400  Hz  suppressed  carrier  signal  proportional 

to  (V  ip/g)  ■  T  ,  and  properly  scaled,  is  then  subtracted  (at  the 
8  Kc 

input  of  a  unity  gain  summation  amplifier)  from  the  signal  appear¬ 
ing  at  the  output  of  the  vertical  gyro  (VG)  roll  pendulum  angle 
sensor  (i.e.,  at  block  output).  The  latter  signal  is  proportional 

/V  $\  V  $ 

to  rR  where  TR  =  tan  ( — J  .  For  jrR|  10°,  TR  a*  with  an  er¬ 
ror  of  about  1%  or  less;  hence,  for  TR  angles  up  to  10°  in  magnitude 

the  error  in  the  subtraction  process  will  be  1%  or  less.  The  output 
of  the  unity  gain  summation  amplifier  is  then  used  to  drive  the  VG 
roll  erection  amplifier. 

If  the  ship  is  turning  at  rate  ^  and  moving  with  velocity 
V  ,  the  output  of  the  unity  gain  summation  amplifier  will  be  a 
perfect  null  (ideally),  and  the  VG  will  not  be  torqued  about  the 
pitch  axis.  This  is  the  desired  mode  of  action,  and  the  gyro  will 


the  outputs  of  blocks  IC  (for  velocity  Vg 
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maintain  its  spin  axis  along  the  local  vertical  in  the  presence  of 
the  turning  maneuver.  On  the  other  hand,  during  normal  ship  oper¬ 
ation,  the  signal  proportional  to  spin  axis  tilt  will  pass  through 
the  unity  gain  summation  amplifier  without  change  in  amplitude  or 
phase  (since  0O  signal  =0).  If  T  f  0  for  some  reason  other  than 
Rc  R 

vjp/g  ^  0,  the  implication  is  that  the  gyro  spin  axis  is  not  vertical. 

In  this  case,  the  T  signal  will  drive  the  VG  roll  erection  ampli- 
K 

fier  and  torque  the  VG  about  the  pitch  axis.  This  action  will  move 
the  gyro  spin  axis  until  it  lines  up  with  the  VG  roll  pendulum  along 
the  local  vertical  and  the  signal  TR  itself  will  tend  to  a  null 
condition  (ideally). 

The  first-order  LP  filter  shown  in  the  T  signal  patch  at- 

RC 

tempts  to  simulate  the  time  response  of  the  T  signal  so  that  the 

signals  T  and  T  will  sum  to  zero  at  the  summation  amplifier  at 
RC,  R 

all  times  when  the  ship  is  moving  at  velocity  V  and  turning  at 

s 

rate  ip. 

The  nonlinear  gain  block  shown  in  the  TRC  signal  path  is  re¬ 
quired  to  ensure  that  the  T  signal  does  not  exceed  in  amplitude 
the  rR  signal  during  large  turning  maneuvers.  Measurements  on  the 
rR  output  signal  indicate  that  the  latter  is  linear  with  TR  up  to 
about  the  equivalent  of  1°  of  roll  motion;  for  T  >  1°,  the  output 

starts  to  limit.  If  similar  limiting  were  not  performed  on  the 
Trc  signal,  TR(,  could  exceed  TR  at  the  summation  amplifier  input 

when  T  >  1°  with  the  result  that  the  VG  roll  loop  will  have,  in 
K 

effect,  positive  feedback  with  consequent  instability. 

If  the  ship  is  accelerating  in  the  forward  direction  (Fig. 

18) ,  the  instantaneous  velocity  Vg  will  be  measured  by  the  ship 

velocity  sensor  and  presented  to  the  VGMCE  as  a  varying  DC  analog 
voltage.  This  voltage  appears  at  the  output  of  block  K^.  After 

amplification,  the  signal  proportional  to  Vg  is  passed  through  a 

differentiator,  amplifier,  and  LP  filter  where  a  signal  proportional 

to  (V  /g)  is  developed.  The  signal  proportional  to  (V  /g)  is  then 
o  s 

passed  through  the  nonlinear  gain  stage  and  then  to  the  400  Hz  mod¬ 
ulator.  At  the  output  of  the  modulator,  a  400  Hz  suppressed  carrier 
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signal  proportional  to  (V  /g)  (=  T  ),  and  properly  scaled,  is 

S  rL 

then  subtracted  at  the  input  of  a  unity  gain  summation  amplifier 
from  the  signal  appearing  at  the  output  of  the  VG  pitch  pendulum 
angle  sensor  (i.e.,  at  block  Kp  output).  The  latter  signal  is 

proportional  to  rp  where  Tp  =  tan  1  (Vg/g).  For  | Tp |  -  10°,  Fp 

Vg/g  with  an  error  of  about  1%  or  less;  hence,  for  Tp  angles  up 

to  10°  in  magnitude  the  error  in  the  subtraction  process  will  be 
1%  or  less.  The  output  of  the  unity  gain  summation  amplifier  is 
then  used  to  drive  the  VG  pitch  erection  amplifier. 

If  the  ship  is  accelerating  in  the  forward  direction  at 

rate  Vg,  the  output  of  the  unity  gain  summation  amplifier  will 

be  a  perfect  null  (ideally),  and  the  VG  will  not  be  torqued  about 
the  roll  axis.  This  is  the  desired  mode  of  action,  and  the  gyro 
will  maintain  its  spin  axis  along  the  local  vertical  in  the  pres¬ 
ence  of  the  accelerating  motion.  On  the  other  hand,  during  normal 
ship  pitch  motion  with  the  ship  moving  at  constant  velocity  (i.e., 

•  , 

with  V  =  0),  the  signal  proportional  to  Tp  will  pass  through  the 

unity  gain  summation  amplifier  without  change  in  amplitude  or 
phase  (since  Tpc  signal  =  0) .  If  Tp  ^  0  for  some  reason  other 

than  V  /g  ^  0,  the  implication  is  that  the  gyro  spin  axis  is  not 
s 

vertical.  In  this  case,  the  Tp  signal  will  drive  the  VG  pitch 

erection  amplifier  and  torque  the  VG  about  the  roll  axis.  This 
action  will  move  the  gyro  spin  axis  until  it  lines  up  with  the 
VG  pitch  pendulum  axis  along  the  local  vertical  and  the  signal 
Fp  itself  will  tend  to  a  null  condition  (ideally). 


The  first-order  LP  filter  shown  in  the  Vg/g  signal  path 
attempts  to  simulate  the  time  response  of  the  Tp  signal  so  that 
the  signals  Tpc  and  Tp  will  sum  to  zero  at  the  summation  amplifier 
at  all  times  when  the  ship  is  accelerating  at  rate  V  . 

The  nonlinear  gain  block  shown  in  the  Tp^  signal  is  re¬ 
quired  to  ensure  that  the  Tp(_,  signal  does  not  exceed  in  amplitude 
the  Tp  signal  during  large  accelerations  V  .  The  nonlinearity  is 
required  for  the  same  reason  given  for  the  T  signal  as  explained 
above.  As  noted  for  the  TR  signal,  the  Tp  signal  output  is  linear 

up  to  about  1°  of  pitch  motion;  beyond  1°  the  output  starts  to 
limit. 
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INSTRUMENTATION  DIAGRAM  DESCRIPTION 

Figure  19  shows  the  VGMCE  instrumentation  diagram.  Consider¬ 
ing  the  (V^/g)  correction  signal  path,  the  ship's  yaw  rate  signal, 
at  block  Kg  output,  is  passed  through  amplifiers  and  K^  and  then 
to  the  input  of  multiplier  Ml.  Ship's  velocity  signal  at  block 
output  is  passed  through  buffer  amp  block  Kg  to  the  y^  input 
of  multiplier  Ml.  The  output  of  multiplier  Ml,  E3,  is  then  propor¬ 
tional  to  (Vg4»/g)  and  is  passed  through  the  LP  filter  block  so  that 
this  signal,  which  will  ultimately  be  used  to  null  the  VG  roll  pen¬ 
dulum  angle  signal  E^R  at  the  output  of  block  K^,  will  have  approxi¬ 
mately  the  same  response  time  as  E  .  The  output  of  the  LP  filter, 

UK 

E^,  then  drives  adjustable  gain  amplifier  K^.  This  amplifier  al¬ 
lows  the  signal  to  be  scaled  properly  and  permits  the  injection  of 

a  self-test  roll  signal  E  when  testing  the  VGMCE  system  for  proper 

IK 

operation.  The  output  of  block  K^,  Eg,  then  drives  the  nonlinear 
gain  amp,  block  K^ ,  which  prevents  the  roll  pendulum  correction 
signal  Eg  from  exceeding  the  roll  pendulum  angle  signal  E^R  when 
Eqr  exceeds  about  1°  in  magnitude.  As  indicated  earlier  in  this 
section,  ER  £■  EQR  at  all  times  to  ensure  that  the  VG  roll  loop  re¬ 
mains  stable.  The  output  of  block  ,  Eg,  then  drives  the  400  Hz 

modulator  M2,  which  develops  a  suppressed  carrier  signal  of  the 
same  form  as  the  VG  roll  pendulum  angle  signal  E^.  The  output 

of  the  modulator,  E.,,  is  then  attenuated  in  block  Kg  and  the  out¬ 
put  of  the  latter,  Eg,  is  then  summed  with  the  roll  pendulum  angle 
signal,  Eqr,  at  the  input  of  the  summation  and  unity  gain  buffer 
amp  block  Kg.  The  output  of  the  latter,  E^,  then  represents  the 

roll  pendulum  error  signal  that  drives  the  VG  to  produce  torque 
about  the  pitch  axis. 

The  attenuator  block  Kg  is  required  because  the  signal  level 
of  Eqr  is  relatively  small  even  for  a  VG  roll  pendulum  angle  (TR) 
of  3°.  The  correction  signal  at  node  Eg  will  correspondingly  be 
small.  If  the  attenuator  were  omitted,  node  E^  signal  level  would 
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be  the  same  as  that  at  node  Eg  and  hence  the  output  signal  level  of 

multiplier  M2  will  be  small.  Unfortunately  the  errors  due  to  the 
use  of  a  multiplier  become  more  significant  for  low  signal  output 
(and  input)  levels.  Hence,  it  is  desirable  to  operate  the  multi¬ 
plier  at  the  highest  output  level  without  causing  saturation  in 
the  unit.  Therefore,  to  reduce  the  multiplier  errors,  the  signal 

level  at  node  E is  forced  to  be  higher  by  proper  adjustment  of 
o 

the  path  gain  between  nodes  Eg  and  Eg  by  the  inverse  of  the  atten¬ 
uation  factor  of  block  K^.  Attenuation  factor  Kg  is  about  (1/30) 
so  that  node  E,  and  E_  levels  are  forced  to  be  higher  by  a  factor 

O  / 

of  30;  this  reduces  the  multiplier  errors  significantly.  Increas¬ 
ing  the  signal  level  in  this  manner  also  forces  the  nonlinear  gain 
stage,  block  K^,  to  operate  at  a  higher  output  level  and  makes  the 

errors  introduced  by  this  stage  look  smaller. 


Considering  the  Vg/g  correction  signal  path,  the  ship's 
velocity  signal  at  block  K^  output  is  passed  through  the  buffer 
amp  block  K^  and  then  to  the  input  of  the  differentiator  and  LP 
filter  block,  node  E2<  The  output  of  this  block,  EpQ,  is  then 
proportional  to  Vg/g  with  the  proper  time  response  because  of  the 
action  of  the  LP  filter.  EpQ  then  drives  adjustable  gain  ampli¬ 
fier  Kpp.  This  amplifier  allows  the  signal  to  be  scaled  properly 
and  permits  the  injection  of  a  self-test  pitch  signal  ETp  when 

testing  the  VGMCE  system  for  proper  operation.  The  output  of 
block  Kp^,  Epp,  then  drives  the  nonlinear  gain  amp,  block  Kp2, 

which  prevents  the  pitch  pendulum  correction  signal  Ep^  from  ex¬ 
ceeding  the  pitch  pendulum  angle  signal  Eop  when  EQp  exceeds  about 
1°  in  magnitude.  As  indicated  earlier  in  this  section,  Ep^  s,  E0p 

at  all  times  to  ensure  that  the  VG  pitch  loop  remains  stable.  The 
output  of  block  Kp2>  Ep2>  then  drives  the  400  Hz  modulator  that 

develops  a  suppressed  carrier  signal  of  the  same  form  as  the  VG 
pitch  pendulum  angle  signal,  EQp.  The  output  of  the  modulator, 

Ep^,  is  then  attenuated  in  block  and  the  output  of  the  latter, 

Ep^,  is  then  summed  with  the  pitch  pendulum  angle  signal,  EQp,  at 
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the  input  of  the  summation  and  unity  gain  buffer  amp  block  K^. 

The  output  of  the  latter,  E.^,  then  represents  the  pitch  pendulum 

error  signal  that  drives  the  VG  to  produce  torque  about  the  roll 
axis. 


The  attenuator  block  serves  the  same  purpose  for  the 

V  /g  correction  signal  path  with  respect  to  errors  in  the  multi- 
s 

plier  M3  and  limiter  amp  K^.  as  attenuator  block  K,.  does  for  the 

V  |i/g  correction  signal  path,  as  explained  above. 

The  modulators  M2  and  M3  and  demodulator  M4  require  a  400 
Hz  reference  signal  that  is  "phase  matched"  with  the  signals  ap¬ 
pearing  at  nodes  E  and  E  "Phase  matched"  here  means  that 
UK  UK 

the  zero  crossover  times  of  the  sine  wave  reference  signal  wave¬ 
form  should  be  coincident  with  the  zero  crossover  of  the  EQR  and 

E0p  sine  wave  signals.  Practically,  it  is  not  necessary  to  have 

exact  matching.  With  respect  to  the  modulated  signals  E  and  E,  . , 

ideally  each  signal  should  match  in  amplitude  the  signals  E  and 

UK 

EQp,  respectively;  in  addition,  the  phases  of  signals  Eg  and  E.^ 
should  be  180°  out  of  phase  with  signals  Eqr  and  EQp,  respectively. 
If,  for  example,  the  amplitudes  of  E„  and  are  identical,  i.e., 

| Eg |  =  |eor|  but  the  phase  of  Eg  relative  to  EQR  deviates  from 

180°  by  a  small  angle,  a  nonzero  error  signal  will  be  generated 
at  node  Eg  in  Fig.  19.  This  error  signal  will  consist  of  the  sum 

of  two  terms  at  the  400  Hz  carrier  frequency: 

(1)  A  component  in  phase  with  the  signal  E  ,  and 

UK 

(2)  A  component  in  quadrature  with  the  signal  E_  . 

UK 

The  gyro  torquer  will  only  recognize  the  in-phase  component  and 
hence  cause  the  platform  containing  the  gyro  spin  axis  and  accel¬ 
erometers  in  the  VG  to  move  to  a  new  angle  about  the  roll  axis 
such  that  EqR  changes  to  an  amplitude  that  exactly  cancels  the 

in-phase  component  of  error  signal.  This  causes  the  gyro  spin 
axis  to  deviate  from  the  vertical.  The  magnitude  of  this  devi¬ 
ation  is  a  function  of  the  phase  shift  <+■  and  an  estimate  of  the 
magnitude  may  be  calculated  as  follows. 
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Let 


E  =  E  sin  wt  =  roll  pend,  angle  signal,  (122) 

UK  Sl 

Eg  =  E^  sin  (wt-$)  =  roll  correct,  signal,  (123) 

u  =  2wf,  f  =  400  Hz  carrier  frequency,  (124) 

c.-  =  phase  shift  in  signal  Eg,  and 

E  =  E  -  E.  =  error  signal  driving  gyro  torquer 
9  U  8  amplifier.  (125) 


Then 

E_  =  E  [sin  wt  -  sin  (wt-c p)  ]  =  E  (1-cos  cl)  sin  wt 
9  a  a 

+  Eg  sin  cp  cos  wt.  (126) 


The  in-phase  component  of  Eq.  126  is  [E  (1  -  cos  cp)  sin 

SL 

wt],  and  it  is  this  component  that  will  torque  the  gyro  and  cause 
Eqr  to  change  by  AEQR  in  such  a  way  as  to  null  this  component.  If 

AE  is  the  change  in  amplitude  of  E^, 

Si  UK 


AE  sin  wt  =  E  (1  -  cos  cp)  sin  wt,  (127) 

<1  SL 

E  (1  -  cos  cp)  ,  (128) 

Sl 

2  /cp\  cp2  2 

1  -  cos  cp  =  2  sin  (j  )*2  >  for  *  K<  12-  (129) 


Equation  129  states  that  the  fractional  change  in  E  ,  which 

& 

is  equivalent  to  the  fractional  change  in  the  VG  platform  position 
(or  gyro  spin  axis  position)  relative  to  the  roll  pendulum  posi- 

2 

tion,  is  approximately  given  by  cp  /2  where  cp  is  measured  in  radians. 
If  we  allow  a  maximum  change  in  platform  position  of  0.1°  around 
the  roll  axis  and  assume  the  maximum  angular  deviation  of  the  roll 
pendulum  position  from  the  gyro  spin  axis,  due  to  ship's  maneuver 

(V  <|i/g)  is  3°,  then,  equivalently 
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0.1°  <p  ,  .  , 

■js—  2>  solving  for 


0.258  rad  or  14.8°. 


Thus,  a  phase  shift  of  approximately  15°  can  be  tolerated 
without  incurring  a  movement  of  the  gyro  spin  axis  from  the  local 
vertical  of  more  than  0.1°,  assuming  the  ship’s  maneuver  does  not 
cause  the  roll  pendulum  angle  to  be  more  than  3°  from  the  local 
vertical.  A  similar  statement  may  be  made  concerning  the  phase 
shift  of  E  relative  to  EQp  in  Fig.  19  for  the  pitch  pendulum 

angle  signal. 

If  we  assume  a  maximum  ship's  acceleration  V  of  15  kt/min 

2  s 
(=  0.422  ft/s  =  0.0131  g) ,  the  maximum  pitch  pendulum  angle  due 

V 

to  V  becomes^'  —  =  0.0131  rad  or  0.75°.  Again,  allowing  for  a 
s  g 

maximum  platform  error  around  the  pitch  axis  of  0.10°  maximum, 

2 

r  A  1A 

—  ***  o'75»  and  V  =  °*52  rad  or  29.6°.  In  this  case  we  can  tol¬ 
erate  a  much  larger  phase  shift  in  E^  relative  to  E0p  without 

creating  a  movement  of  the  gyro  spin  axis  around  the  pitch  axis 
from  the  local  vertical  in  excess  of  0.10°.  Hence  the  phase  shift 
requirement  for  the  pitch  pendulum  signal  channel  is  not  as  severe 
as  that  for  the  roll  pendulum  signal  channel. 

Since  the  phases  of  signals  Eg  and  E^  are  controlled  by 

the  phase  of  400  Hz  reference  signal  ER2  driving  the  multipliers 

M2  and  M3  in  Fig.  19,  E  0  is  provided  with  a  phase  adjustment. 

ER2  is  developed  from  the  115  V,  400  Hz  reference  power,  the  same 

power  source  for  the  roll  and  pitch  pendulum  angle  transducers. 
Isolation  transformer  K^  permits  isolation  of  115  V,  400  Hz  power 

ground  from  the  VGMCE  system  ground.  The  isolation  transformer 
output  then  drives  a  fixed  phase  shift  network,  block  K^,  with  a 

phase  shift  of  approximately  -45°.  The  output  of  the  latter  then 
drives  an  adjustable  phase  shift,  constant  gain  amplifier  block 
Kg  with  a  phase  shift  adjustment  capable  of  ranging  between  0  and 

-180°  (the  actual  adjustment  range  is  less).  The  latter,  when 
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added  to  the  -45°  fixed  phase  shift,  yields  an  overall  phase  ad¬ 
justment  capability  of  between  -45  and  -225°.  The  nominal  phase 
setting  at  the  output  of  the  adjustable  phase  shift  amplifier 
should  be  -90°  so  that  block  Kg  should  be  set  for  approximately 

-45°  nominally.  The  output  of  Kg  then  drives  an  adjustable  gain 

amplifier  block  Kg.  The  gain  of  the  latter  is  adjusted  to  yield 

the  design  level  for  E  which  is  7.07  Vrms  when  the  line  voltage 
is  115  Vrms. 

It  is  possible  that  the  phase  difference  between  signals 
EQR  and  EQp  is  not  zero  in  general  so  that  the  phase  setting  of 

the  reference  ER2  must  be  chosen  as  a  compromise.  It  is  not 

likely  that  the  phase  difference  will  exceed  30°  so  that  in  the 
worst  case  the  phase  of  ER2  can  be  set  either  midway  between  the 

actual  phases  of  EQR  and  EQp  or  slightly  closer  to  ER  than  to  EQR 

without  causing  a  VG  platform  error  exceeding  0.1°  around  either 
the  roll  or  pitch  axes.  Actual  gyro  test  data  shows  that  the  two 
pendulum  phases  are  matched  to  better  than  5°. 

Multiplier  M4  is  used  as  a  demodulator  for  signal  readout 
on  a  panel  meter.  The  demodulator  output  is  proportional  to  cos 
4.,  where  cp  is  the  phase  shift  between  the  reference  signal  ER2  and 

the  particular  signal  being  read  out.  If  the  phase  correction  in 
ER2  is  such  that  the  phase  of  ER2  is  midway  between  the  phases  of 

signals  EQR  and  EQR  then  cp  will  be  identical  in  magnitude  for  both 

Eqr  and  Eqr  measurements  and  the  error  in  the  measurement  of  either 

will  be  identical,  assuming  the  meter  is  calibrated  to  read  cor¬ 
rectly  for  =  0°.  Signals  Eg  and  E^  will  be  read  correctly  on 

the  meter  since  these  signals  are  always  exactly  in  phase  (or  ex¬ 
actly  180°  out  of  phase)  with  the  reference.  If  |c*,  |  <,  15°,  the 
maximum  error  in  reading  EQR  or  EQp  will  be  £  3.4%  (=  1-cos cp). 

The  errors  in  reading  the  pitch  and  roll  error  signals  Eg  and  Ep^ 

will  be  much  larger  on  a  percentage  basis  of  the  error  signal 
since  the  error  signals  (if  any)  during  transient  conditions  are 
much  less  than  the  signals  EqR  and  E0p-  However,  the  magnitude 

of  the  error  in  degrees  will  be  small  since  the  error  signal  it¬ 
self  is  small.  In  the  worst  case,  the  magnitude  of  the  error  in 
the  measurement  of  the  error  signal  will  not  exceed  0.12°  when 
measuring  an  error  signal  caused  by  a  roll  pendulum  angle  of  3° 
when  that  angle  deviates  from  the  roll  correction  angle  by  0.3° 
during  a  transient  condition  for  a  reference  phase  shift  angle 
of  15°  (<p). 
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The  output  of  the  signal  readout  demodulator  drives  a  pas¬ 
sive  low  pass  (LP)  filter  containing  a  meter  scaling  network  (block 
K^).  The  LP  filter  removes  the  carrier  frequency  ripple  components 

at  the  output  of  the  demodulator  and  allows  the  DC  component  to 
pass  through  to  the  readout  meter.  The  scaling  network  in  the 
filter  circuit  permits  adjustment  of  the  full-scale  meter  reading. 

The  entire  system  is  run  on  the  115  V,  400  Hz  prime  power 
that  is  also  used  to  supply  the  multiplier  reference  voltages. 

Power  for  all  amplifiers  and  multipliers  is  derived  from  +15  VDC 
supplies  driven  by  the  115  V,  400  Hz  line. 

CHANNEL  GAIN  CALCULATIONS  AND  ASSIGNMENT  OF  BLOCK  GAINS 


With  reference  to  the  instrumentation  diagram  shown  in  Fig. 
19,  this  section  will  concern  itself  with  the  calculation  of  channel 
gains  and  the  assignment  of  block  gains. 

Generation  of  TRC  Compensation  Signal 


Consider  the  ifi  and  Vg  path  gains  to  node  Eg  where  the  signal 
at  node  Eg  is  combined  with  EQR,  the  signal  from  the  VG  roll  pendu¬ 
lum  angle  transducer.  In  evaluating  these  path  gains,  the  filter 
time  constant  t  need  not  be  considered,  it  being  assumed  that  the 

response  time  for  the  TR  signal  is  matched  by  the  generated  V  ip/g 

signal  via  the  filter  time  constant  t. .  Also  block  K,  is  assumed 

i  4 

to  operate  in  the  small  signal  region  where  the  gain  is  linear. 

Thus 


E1  =  xn  =  *  KG  Ka  K1  ’  (130) 

E2  =  yll  =  Vs  h  S  *  (13D 

E3  =  KM1  X11  *n  "  “mi  KG  Ka  Kl)(Vs  \  V  ’  (132> 

E6  *  X12  =  K2K3K4K3  "  (K2K3K4>  *M1  (KGKaK!>  W  • 

(133) 
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ER1  =  h  sin  ut 


(134) 


where 

Eg  =  amplitude  of  115  Vrms  reference  sine  wave 
=  115  y7"v,  nominally, 

ER2  =  y12  =  ktK7K8K9Eri  A  =  KTK7KgK9Ebsin  (ut  +  a)  (135) 


where 


a  =  phase  shift  due  to  phase  shift  networks  in  blocks  K7 
and  Kg, 

a  -  +  a2;  a  &  -45°;  0  s.  a2  s.  -180®.  -45°  £-  a  £  -225°, 

E7  =  *Sl2  x12y12 

"  Km(K2K3K4)KM1(KGKaK1)(KLKb)(KTK7K8K9)Eb(Vs^)  sin  (ut  +  a)  , 

(136) 


E8  "  K5E7 

=  %2(K2SK4)KMl(KGKaKl)(KLKb)(KTK7K8K9)Eb(V)  sin  (ut  +  a)  » 

(137) 

Kj^Eg  sin  (ut  +  6) 

(»t  +  B)  ,  (138) 

where 


E0R  rR  ER1  Al  = 

fv  A 

=  *R  [f  h  sin 


B  =  phase  shift  in  VG  roll  pendulum  angle  transducer 


?R  =  tan 


-1 


(VJ\  VJ 
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We  require  for  compensation  during  a  turning  maneuver 

E0R  -  E8  ■  0  (l39) 

Substituting  Eqs.  137  and  138  into  139,  we  obtain 


*R 


(u>t  +  6) 


-  K5KM2<K2K3K4)KMl(KGKaKl><KLKb)<KTK7K8K9)Eb<Vsi>  8ln(“t4”) 

(140) 


To  produce  the  desired  cancellation  of  signals,  the  phase 
shift  a  in  the  reference  channel  should  be  adjusted  to  equal  phase 
shift  8.  For  this  condition,  Eq.  140  reduces  to 


V*)  ’  <Wl)<KLKb)<KTK7V9)(K2K3K4K5)(KHlKM2>  • 

(141) 


The  factor  (K.j.K^KgKg)  is  chosen  such  that  |er2I  =  7.07  Vrms 
when  |ER1|  =  115  Vrms  so  that 


(K^KgKg)  =  (7.07/115)  =  0.0615  Vrms/Vrms.  (142) 


This  choice  permits  the  multipliers  Ml,  M2,  M3,  and  M4  to 
operate  at  optimum  conditions  (by  making  the  y.^,  y^2>  ^13*  ant* 

inputs  as  large  as  feasible  without  overload).  Note  that  the 

compensation  system  is  independent  of  the  amplitude  of  the  reference 
voltage,  E^. 

The  isolation  transformer  (Fig.  19)  is  a  UTC  H-5  having  a 

atepdown  turns  ratio  of  0.397.  The  output  of  this  transformer 
drives  block  K^,  which  further  attenuates  the  signal  while  shift¬ 
ing  its  phase  approximately  -45°.  The  attenuation  factor  of  block 
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has  been  set  at  0.0692  so  that  the  signal  reaching  the  input  of 

block  Kg  is  115  Vrms  (0. 397) (0. 0692)  =  3.16  Vrms.  This  signal  level 

is  conveniently  handled  by  block  Kg,  which  merely  shifts  the  phase 

of  the  signal  in  the  0  to  -180°  range  without  affecting  the  ampli¬ 
tude.  Hence,  the  output  of  block  K  is  also  3.16  Vrms.  To  develop 

o 

7.07  Vrms  at  the  output  of  adjustable  gain  amplifier  block  K^,  the 
latter  should  be  adjusted  for  a  nominal  gain  of 

s  -  ffiBS  ■ 2-24  vi“/v—  •  <i4« 

The  following  signal  scale  factors  were  given: 

Kg  =  57.3  V/ (rad/s)  =1.00  VDC/ (deg/s)  (nominally)  ,  (144) 

=  0.100  V/kt  =  0.0592  VDC/ (ft/ s)  (nominally)  ,  (145) 

K^  =  10.0  Vrms/rad  =  0.1745  Vrms/deg  (nominally)  .  (146) 

Also,  the  multiplier  gains  K^  and  K^  taken  from  the  manufacturer's 
data  are 


Km1  =  0.100  VDC/ (VDC x VDC)  , 

(147) 

=  0.100  Vrms/ (VDCxVrms)  . 

(148) 

Gain  is  chosen  such  that  at  maximum  ship's  speed  of  100  kt, 

Ej  in  Fig.  19  will  be  10  VDC.  This  ensures  that  the  y^  input  of 

multiplier  Ml  does  not  exceed  the  maximum  allowable  input  while  pro¬ 
viding  the  maximum  possible  input  to  the  multiplier  to  improve  its 
accuracy.  Since  the  output  of  block  K_  is  10.0  VDC  for  V  =  100  kt, 
it  follows  that  s 


1^  -  1.00  VDC /VDC 


(149) 
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Gain  (K  K, )  is  chosen  such  that  at  maximum  ship's  yaw  rate 
a  l 

of  10  deg/s,  in  Fig.  19  will  be  10  VDC.  This  ensures  that  the 

input  of  multiplier  Ml  does  not  exceed  the  maximum  allowable 

input  while  providing  the  maximum  possible  input  to  the  multiplier 
to  improve  its  accuracy.  Since  the  output  of  block  Kg  is  10.0  VDC 

nominally  for  Ji  =  10  deg/s,  it  follows  that 

=  1.00  VDC/VDC  nominally  (where  the  sign  of  K^K^, 

which  is  negative,  is  not  considered  here).  (150) 

In  the  actual  circuitry,  =  1.00  VDC/VDC  nominally,  while 
=  1.00  VDC/VDC  (again,  not  considering  the  sign  of  K^,  which  is 
negative).  However,  K  is  made  adjustable  to  absorb  the  tolerances 
in  Kg  and  scale  factors  and  in  the  other  blocks  in  the  \p  and  Vg 
paths  to  node  in  Fig.  19.  It  is  desired  to  make  the  voltage  at 
node  E^  equal  to  the  roll  test  signal  voltage  corresponding  to 
v  i- 

-  =  0.50°  for  system  calibration  purposes.  Since  the  roll  test 

8 

signal  will  be  standardized  at  a  voltage  corresponding  to  0R  = 
0.50°,  assuming  has  its  nominal  scale  factor,  must  be  ad- 

V  {ji 

justed  to  yield  this  standardized  voltage  at  node  E^  when  — = 
0.50°.  To  absorb  the  tolerance  in  scale  factor  itself,  is 
provided  with  an  adjustable  gain  as  explained  below. 
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K^,  the  adjustable  gain  amplifier  in  Fig.  19,  is  made  ad¬ 
justable  to  compensate  for  tolerances  in  (the  TR  scale  factor) 
and  in  the  gain  constants  K^,  K^,  and  1^.  However,  the  most  sig¬ 
nificant  tolerance  is  that  for  For  a  given  ship's  yaw  rate  p 

and  velocity  V  ,  the  VG  roll  pendulum  angle  rR  will  be  tan 

V  ip 

for  ]r  I  s.  10°.  However,  because  of  the  scale  factor  tol- 
8  F. 

erances,  the  output  of  block  may  be  in  the  range  of  10.0  ±2.5 

Vrms/rad;  i.e.,  the  scale  factor  may  have  a  tolerance  as  much  as 
±25%. 

For  a  nominal  scale  factor  of  10.0  Vrms/rad  or  0.1745 

Vrms/deg,  a  VG  roll  pendulum  angle  of  0.50°  would  yield  a  trans¬ 
ducer  output  0.08725  Vrms  at  node  EqR,  Fig.  19.  To  achieve  a  null 

at  the  input  of  block  K^,  node  ER  must  also  be  0.08725  Vrms  and  in 

phase  opposition  to  E  .  If  Kc  =  1.00  Vrms/Vrms,  node  E.,  voltage 

would  also  be  0.08725  Vrms,  a  value  that  is  too  low  since  the  er¬ 
rors  caused  by  the  multiplier  M2  would  be  significant.  Hence  it 
is  desirable  to  raise  the  level  of  node  E^  voltage  to  reduce  the 

importance  of  multiplier  M2  errors.  For  this  purpose,  precision 
resistive  attenuator  K  is  inserted  between  nodes  E.,  and  E0,  fore- 

ing  node  voltage  E^  to  be  higher  by  the  inverse  of  the  attenuation 

factor.  This  attenuation  factor  was  chosen  to  be  (nominally) 

Kj.  =  0.03213  Vrms/Vrms  .  (151) 


Hence  node  E?  voltage  becomes  * o^213y  =  2,715  Vrms  when  rR  =  0.50°, 
with  at  it  nominal  scale  factor  (0.1745  Vrms/deg).  Since  ER2  = 
7.07  Vrms  (see  above)  and  =  0.100  Vrms/ (VDC-Vrms) ,  it  follows 

that  node  E,  voltage  must  be  nominally  n'Jno  = 

6  J  0.100  Vrms  (7.07  Vrms) 

3.840  VDC.  This  voltage  is  large  enough  to  permit  operation  of 

the  multiplier  M2  with  reasonably  small  errors  and  small  enough 

to  allow  the  limiter  amplifier,  K^,  ,  to  operate  at  nominal  equivalent 
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output  angles  as  high  as  (10.0  VDC/3.840  VDC)  x  0.50°  =  1.30°,  if 
were  linear  out  to  its  maximum  output  voltage  capability  of 

10.0  VDC  in  magnitude.  However,  will  be  designed  to  limit  be¬ 
fore  10.0  VDC  output  so  that  its  output  voltage  capability  will 
never  be  exceeded.  linear  gain  was  nominally  chosen  as  follows: 

K  =  =  31.12  VDC/VDC  (nominally  and  not  considering 

K5  the  sign  of  K^,  which  is  negative).  (152) 

Note  that  K.  was  chosen  to  be  the  inverse  of  the  attenuation 
4 

factor.  For  TR  =  0.50°,  at  its  nominal  scale  factor,  the  signal 

level  at  node  E^  is  then  jj|84Q  VDC  _  g #]^34  VDC. 

Adjustable  gain  amplifier  was  designed  to  sum  the  roll 
test  signal  voltage  E^R  and  node  E^  voltage  with  equal  weight. 

Nominally,  its  gain  to  both  signals  was  adjusted  to  be 

=  1.00  VDC/VDC  (nominally  and  not  considering  the 

sign  of  K^,  which  is  negative).  (153) 

For  at  its  nominal  value  corresponding  to  being  at 
its  nominal  value,  it  follows  that  node  E^  voltage  and  the  roll 
test  signal  voltage  ETR  should  each  be  0.1234  VDC.  Since  the 
nominal  values  of  Kg, 
the  nominal  value  of  may  be  evaluated  as  follows: 

WiXtt’Vi  <V>  *  h  •  (154) 


K^,  Ka>  K^,  K^,  are  known  (see  above), 


where  it  is  known  that,  when  TR  =  0.50°  with  1^,  K^,  »  ER2’  K4’ 

and  at  their  nominal  values,  =  0.1234  VDC.  Also  note  that 

when  fR  =  =  0.50°,  ^Vgty\  must  be,  with  g  =  32.2  ft/s^: 
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(V) 


V  = 


0.50°  rad (32 . 2  ft)  _ 
57.3°  s2 


0.2810  ft/s 


(155) 


Substituting  the  value  of  (V^)  from  Eq.  155  and  the  known 
nominal  gain  constants  and  the  value  of  for  =  0.50°  into  Eq. 

154  and  solving  for  K2  we  obtain 

_  _ 0.1234  VDC  x  rad  x  ypc  x  ft  *  VDC  x  ypp  x  ypc  x  s2 _ 

z  57.3  VDC/ s(l . 00  VDC) (0.0592  VDC/s)x  1.00  VDC  x  0.100  VDC(0.2810  ft) 

1.295  VDC /VDC  (nominally).  (156) 


Any  tolerances  on  constants  Kg,  Ka>  ,  K^,  K^,  K^,  and  K2 

may  be  absorbed  by  adjusting  to  yield  E^  =  0.1234  VDC  =  ETR  when 

the  (V  i|0  product,  for  a  known  ship's  speed  and  turning  rate,  equals 
S  2 

0.2810  ft/s  in  accordance  with  Eq.  155.  If  Kg  and  K^  are  known  for 

a  particular  ship,  a  more  convenient  way  of  setting  the  gain  K  would 

be  to  simulate  the  voltage  outputs  of  Kg  and  for  assumed  Vg  and 

tp  values,  subject  ot  the  condition  that  the  particular  values  chosen 
for  Vg  and  satisfy  Eq.  155.  Then,  these  voltages  could  be  injected 

into  the  respective  amplifiers  Ka  and  K^ ,  and  Kfl  would  then  be  ad¬ 
justed  to  yield  E^  =  0.1234  VDC. 

Summarizing  the  design  thus  far  we  have  the  following  con¬ 
stants  including  their  correct  signs: 

Kg  =  1.00  V/ (deg/s);  =  0.0592  VDC/(ft/s); 

K  =  0.1745  Vrms/deg; 

K 

Ka  =  1.00  VDC/VDC;  ^  =  -1.00  VDC/ VDC;  =  1.00  VDC/VDC; 

K^  =  0.100  VDC/ (VDC-VDC) ;  K2  =  -1.295  VDC/VDC; 

K3  =  -1.00  VDC/VDC; 

K4  =  -31.12  VDC/VDC;  =  0.100  Vrms/ (VDC-Vrms) ; 

K^  =  0.03213  Vrms/Vrms 
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K^,  =  0.397  )°  Vrms/Vrms;  K?  =  0.0692  ^45_c  Vrms/Vnns; 

Vrms/Vrms,  0  ^  £.-180°;  and 

Kg  =  2.24  Vrms/Vrms . 

The  time  constant  in  the  LP  filter  in  Fig.  19  should  be 

chosen  to  match  the  open  loop  response  time  of  the  VG  TD  output  for 

K 

the  particular  VG  chosen.  At  the  time  of  this  report,  two  gyros 
were  available  having  equivalent  first-order  time  constants  of  8  and 
27  s.  To  permit  use  of  either  gyro,  a  selector  switch  is  provided 
within  the  equipment  for  choosing  either  time  constant. 

The  signs  of  the  gains  of  the  various  blocks  were  established 
in  the  following  manner  for  the  roll  pendulum  correction  circuitry. 
From  measurements  of  one  of  the  vertical  gyros,  it  was  determined 
that  the  roll  pendulum  signal  E^R  leads  the  400  Hz  reference  ER^ 

by  approximately  90°  when  Vg  signal  voltage  is  positive  (-*-  ship 

forward  velocity)  and  ip  signal  voltage  is  positive  (-*■  the  ship 
turning  to  the  right).  Hence,  if  we  assume  that  the  signals  Eg 

and  EQR  in  Fig.  19  are  resistively  added  at  the  same  Kg  amplifier 
input  node,  then  Eg  must  have  a  phase  180°  from  EQR  in  order  to 
null  Eqr.  Therefore  Eg  should  lag  the  400  Hz  reference  ER1  by  ap¬ 
proximately  90°.  Since  K^  is  a  resistive  attenuator,  E^  must  be  in 
phase  with  E  and  should  lag  Enl  by  90°.  If  input  E,  to  multiplier 

O  K1  D 

M2  is  positive,  E^  will  be  in  phase  with  ER2  and  ER2  should  there¬ 
fore  lag  ER^  by  approximately  90°.  The  amplifier  blocks  in  the  ip 
and  Vg  channels  were  designed  such  that  positive  output  signals 
from  blocks  K^  and  (-+■  ship  forward  velocity  Vg  and  ship  turning 

to  the  right  at  rate  ip,  respectively)  would  yield  a  positive  signal 
for  Eg.  Hence  the  design  of  the  reference  channel  blocks  from 

input  (Er^)  to  Kg  output  (ER2)  must  be  such  that  ER2  lags  ER^  by 

approximately  90°.  As  noted  previously,  the  reference  channel  is 
provided  with  an  adjustable  phase  shift  capability  so  that  E„„ 

I\4& 

phase  may  be  adjusted  about  the  90°  lag  angle,  relative  to  ED1 ,  to 
make  the  phase  of  Eg  exactly  180°  relative  to  EQR  phase  for  proper 
cancellation  of  signals. 


Kg  =  1.00  X 
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To  establish  that  E,  will  be  positive  when  K 
o 

puts  are  both  positive,  note  that  Kg  and  IC^  are  both  positive 
gains.  However,  Kp  is  a  negative  gain  so  that  is  negative 
while  E^  is  positive.  is  a  positive  gain  so  that  E^  must  be 

negative  for  negative  input  E^  and  positive  input  E ^  to  multiplier 
Ml.  Since  Kj  is  a  negative  gain,  E^  must  be  positive  for  a  neg¬ 
ative  input  E^.  is  a  negative  gain  so  that  E,.  must  be  nega¬ 
tive  for  a  positive  input  E^.  Finally,  is  a  negative  gain  so 
that  E^  must  be  positive  as  required  for  a  negative  input  E^. 

Generation  of  rpc  Compensation  Signal 

Now  consider  the  Vg  path  gain  to  node  where  the  signal 

at  node  E^  is  combined  with  E^p,  the  signal  from  the  VG  pitch 

pendulum  angle  transducer.  Again,  as  in  the  case  for  T  compen- 

KL 

sation  signal,  the  time  constant  need  not  be  considered  when 

evaluating  the  path  gain  since  it  is  assumed  that  the  response 

time  for  the  signal  is  matched  by  the  generated  Vg/g  signal 

via  the  filter  time  constant  Also,  block  is  assumed  to 

operate  in  the  small  signal  region  where  the  gain  is  linear. 

Thus: 


ER2  =  yl3  =  (KTK7K8K9)Eb  Sln  (ut  +  a)  (see  Eq’  135)  (158) 
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where 


a  =  +  a^;  »  -45°;  0  s»  s.  -180°;  -45°  s  a  <,  -225°; 


E13  ~  KM3x13y13  ^KLKb^K10KllK12^KTK7K8K9^Eb  sin  ^wt  + 


(159) 


E14  K13E13 


K13KM3(KLKb)(K10KllK12)(KTK7K8K9)Eb  <V  sin  (ut  +  a)  ;  and 


(160) 


EOP  KPFPER1  =  sin  + 


=  Kpl-f  J  Eb  sin  (u,t  +  y) 


(161) 


where 


Y  =  phase  shift  in  VG  pitch  pendulum  angle  transducer 


rp  =  tan\'ir-i  for  irpi"ioc 


Er1  =  (sin  (cut  +  y)  from  Eq.  134, 


require 


For  compensation  during  a  forward  ship  acceleration  we 


E0P  -  E14  =  0 


(162) 


Substituting  Eqs.  160  and  161  into  162  we  obtain 
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hy-jjh, sln  (“t  +  r) 

-  <KLKb)<KTK7K8K9)<K10KllK12K13)KM3V8  •*»<“  +  »)-<>•  U63) 


To  produce  the  desired  cancellation  of  signals,  the  phase 
shift  ct  in  the  reference  channel  should  be  adjusted  to  equal  the 
phase  shift  y.  Ideally,  phase  shift  y  in  the  VG  pitch  pendulum 
transducer  and  phase  shift  3  in  the  VG  roll  pendulum  transducer 
would  be  identical  so  that  one  adjustment  of  phase  shift  a  (=3) 
in  the  reference  channel  will  be  correct  for  both  pitch  and  roll 
compensation  signals.  Practically,  however,  this  will  not  be  so 
and  measurement  errors  (discussed  above)  will  be  introduced.  If 
we  assume,  nevertheless,  that  a=y,  then  Eq.  163  reduces  to 


<V*>  '  <W°VW9,«10ltll*12l'l3)  ^3  •  H64) 


The  factor  (K^K^KgKg)  has  been  chosen  and  is  given  by  Eq.  142. 

This  choice  permits  optimum  operation  of  multiplier  M3.  Note  that 
the  compensation  system  is  independent  of  the  reference  voltage 
amplitude  E^.  The  Tp  signal  scale  factor,  Kp,  is  given  as  follows: 


Kp  =  10.0  Vrms/rad  =  0.1745  Vrms/deg  (nominally)  .  (165) 


is 


The  multiplier  gain 


taken  from  the  manufacturer’s  data 


K^  -  0.100  Vrms/ (VDC-Vrms) 


(166) 


K^  and  Kg  are  given  by  Eqs.  145  and  149,  respectively. 

K11  the  adjustable  gain  amplifier  in  Fig.  19,  is  made  ad- 
justable  to  compensate  for  tolerances  in  Kp  (the  Tp  scale  factor) 
and  in  the  gain  constants  K^>  K^g,  and  K^g.  The  most  significant 
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tolerance  however  is  that  for  Kp.  For  a  given  ship's  forward  ac¬ 


celeration  Vg,  the  VG  pitch  pendulum  angle  Fp  will  be  tan 


■ft) 


fa 


V 

—  for  | I  £  10°.  Because  of  the  scale  factor  tolerance,  the  out- 
g  i  pi 

put  of  block  Kp  may  be  in  the  range  10.0  ±2.5  Vrms/rad  correspond¬ 
ing  to  a  ±25%  tolerance  about  the  nominal  value. 


For  a  nominal  Kp  scale  factor  of  10.0  Vrms/rad  or  0.1745 

Vrms/deg,  a  VG  pitch  pendulum  angle  of  0.50°  would  yield  a  trans¬ 
ducer  output  of  0.08725  Vrms  at  node  EqP«  Fig-  19.  To  achieve  a 

null  at  the  input  of  block  K.^,  node  voltage  must  also  be 

0.08725  Vrms  and  in  phase  opposition  to  EQp.  If  Kp3  =  1.00  Vrms/ 

Vrms,  node  Ep3  voltage  would  also  be  0.08725  Vrms,  a  value  that  is 

too  low  for  the  output  of  multiplier  M3  relative  to  the  latter's 
error.  Hence,  just  as  in  the  case  for  the  roll  pendulum  correction 
channel,  it  is  desirable  to  raise  the  level  of  Ep3  voltage  to  re¬ 
duce  the  importance  of  the  multiplier  errors.  For  this  purpose 
precision  resistive  attenuator  K^  is  inserted  between  nodes 

and  E^,  forcing  node  voltage  E13  to  be  higher  by  the  inverse  of 
the  attenuation  factor.  This  attenuation  factor  was  chosen  to  be 


Kp^  =  0.03213  Vrms/Vrms  . 


(167) 


For 

2.715  Vrms 
Vrms/deg. 


this  value  of  K 


13,  node  Ep3  voltage  becomes 
with  Kp  at  its  nominal  value  of  0.1745 
=  7.07  Vrms  as  discussed  in  the  section  for 


0.08725\  = 


when  rp  =  0.50 


(* 


Since  E 


R2 


the  Tr  compensation  signal  and  K^  =  0.100  Vrms/ (VDC-Vrms) ,  it 

follows  that  node  E17  voltage  muse  be  nominally  ^ 

12  J  0.100  Vrms(7.07  Vrms) 

3.840  VDC.  This  voltage  is  sufficiently  large  to  permit  multiplier 

M3  operation  with  reasonably  small  errors  and  sufficiently  small  to 

allow  the  limiter  amplifier,  K^*  to  operate  at  nominal  equivalent 

output  angles  as  high  as  (10.0  VDC/3.840  VDC)  *  0.50°  =  1.30°,  if 
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K^2  were  linear  out  to  its  maximum  output  voltage  capability  of 
10.0  VDC  in  magnitude.  However,  will  be  designed  to  limit  be¬ 
fore  10.0  VDC  output  so  that  its  output  voltage  capability  will 
never  be  exceeded.  linear  gain  was  nominally  chosen  as  follows 

K1  „  =  =  31.12  VDC/VDC  (nominally  and  disregarding 

13  the  sign  of  K  ,  which  is 

negative).  (168) 

Note  that  value  was  chosen  to  be  the  inverse  of  the  at¬ 
tenuation  factor.  For  Fp  =  0.50°,  Kp  at  its  nominal  scale  factor, 

the  signal  level  at  node  is  then  ^ '~3l^l2^~  =  0*1234  VDC. 

Adjustable  gain  amplifier  was  designed  to  sum  the  pitch 
test  signal  voltage  ETp  and  node  E^  voltage  with  equal  weight. 
Nominally  its  gain  to  both  signals  was  adjusted  to  be 

=  1.00  VDC/VDC  (nominally  and  not  considering 
the  sign  of  K  ,  which  is 
negative).  (169) 

For  at  its  nominal  value,  corresponding  to  Kp  being  at 
its  nominal  value,  it  follows  that  node  E^  voltage  and  the  pitch 
test  signal  voltage  ETp  should  each  be  0.1234  VDC.  Since  the 
nominal  values  of  and  are  known  (see  Eqs.  145  and  149,  re¬ 
spectively),  the  nominal  value  of  may  be  evaluated  as  follows: 

Wio  !sV  ■  Wio*.  ■  E10  •  <170> 


where  it  is  known  that  when  Tp  = 

nominal  values,  E  =  0.1234  VDC. 

•  2 
V  must  be  with  g  =  32.2  ft/s  : 


0.50°  with  and  at  their 

V 

Also,  —  =  r  =  0.50°,  so  that 
g  P 


THE  JOHNS  HOPKINS  UNIVERSITY 

APPLIED  PHYSICS  LABORATORY 

laurel  Maryland 


V 

s 


rp  8 


■  °^0°.rad_p,_2,ft.)  .  Qt281Q  ft/s2  < 
57. 3°  s2 


(171) 


Substituting  the  known  values  into  Eq.  170  and  solving  for 
K10’  we  ^ave 


K 


0.1234  VDC  ft  »  VDC  x  s _ 

10  J  0.0592  VDC  s  x  1.00  VDC  x  0.2810  ft 


=7.42  VDC/ (VDC  x  (rad/s)). 


(172) 


Any  tolerances  on  constants  Kp,  Kp,  and  may  be  absorbed 

by  adjusting  Kp  to  yield  E^  =  0.1234  VDC  =  E^p  when  Vg/g  =  0.2810 

ft/s2.  If  Kp  is  known  for  a  particular  ship,  a  more  convenient 

way  of  setting  the  gain  Kp  would  be  to  simulate  the  voltage  output 

of  Kp  for  an  assumed  Vg  value  of  0.2810  ft/s2.  This  voltage  could 

be  injected  into  amplifier  K,  and  K,  would  then  be  adjusted  to 
yield  E1Q  -  0.1234  VDC. 

Note  that  the  adjustment  of  gain  Kp affects  both  of  the 
V  i*/g  (=  T  )  and  V  /g  (=  T„)  path  gains.  Since  K  may  be  adjusted 

S  r  S  r  3 

to  compensate  for  the  V^/g  path  gain  tolerance,  Kp  should  be  ad¬ 
justed  first  to  compensate  for  V  /g  path  gain  tolerances.  Then, 

s 

K  may  be  adjusted  to  compensate  for  V  i^/g  path  gain  tolerances 
3  S 

after  Kp  has  been  set. 

Summarizing  the  design  thus  far,  we  have  the  following  con¬ 
stants  including  their  correct  signs: 

Kp  =  0.0592  VDC/ (f t/s) ;  Kp  =  0.1745  Vrms/deg; 

Kp  =  1.00  VDC/VDC; 

K1q  =  -7.42  VDC/ [VDC  x  (rad/s)];  Ku  =  -1.00  VDC/VDC; 

K12  =  -31.12  VDC/VDC; 

K^  *  0.100  Vrms/ (VDC-Vrms) ;  Kp^  =  0.03213  Vrms/Vrms. 
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The  time  constant  t2  in  the  LP  filter  in  Fig.  19  should  be 

chosen  to  match  the  open  loop  response  time  of  the  VG  rp  output  for 

the  particular  VG  chosen.  As  indicated  in  the  TR  section  of  this 

report,  the  two  gyros  available  have  equivalent  first-order  time 
constants  of  8  and  27  s.  To  permit  use  of  either  gyro,  a  selector 
switch  is  provided  for  choosing  either  time  constant. 

The  signs  of  the  gains  of  the  various  blocks  were  established 
in  the  following  manner  for  the  pitch  pendulum  correction  circuitry. 
The  sign  of  has  been  established  to  satisfy  the  requirements  in 

the  r  correction  circuitry.  Hence,  the  signs  of  the  other  blocks 
K 

in  the  Fp  correction  circuitry  must  be  consistent  with  this  choice 

of  sign  for  K^.  From  measurements  on  one  of  the  vertical  gyros,  it 

was  determined  that  the  pitch  pendulum  signal  EQp  lags  the  400  Hz 

reference  E  ,  by  approximately  90°  when  V  signal  voltage  is  posi- 

tive  and  increasing  (-*•  ship's  forward  acceleration).  Hence  if  we 
assume  that  the  signals  E^  and  EQp  in  Fig.  19  are  resistively 

added  at  the  same  amplifier  input  node,  then  Ep^  must  have  a 
phase  180°  from  EQp  in  order  to  null  Eop.  Therefore  should 
lead  the  400  Hz  reference  ER3  by  approximately  90°.  Since  K^3  is 
a  resistive  attenuator,  E^  must  be  in  phase  with  E^  and  should 
lead  E^  by  approximately  90°.  If  input  E12  to  multiplier  M3  is 
positive,  E13  will  be  in  phase  with  E^.  E^  however  lags  ER1  by 
approximately  90°,  as  noted  in  the  T  correction  circuitry  design; 
hence  E13  must  lag  ER1  by  approximately  90°,  for  E^2  positive. 

Since  E13  must  lead  E^  by  approximately  90°  ,  it  follows  that  E12 
must  be  negative.  The  amplifier  blocks  in  the  Tp  correction  cir¬ 
cuitry  from  output  to  K^2  output  were  designed  to  yield  a  nega¬ 
tive  signal  for  E^2  when  the  ship  accelerates  in  the  forward  direc¬ 
tion.  For  a  ship  acceleration  in  the  forward  direction,  output 
is  positive  and  increasing.  is  a  positive  gain  and  hence  its 

output  is  positive  and  increasing.  The  differentiator  block 
KiqS/ (t2s+1)  has  an  output  sign  reversal  so  that  its  output  would 

be  negative  for  a  positive  increasing  input  signal  from  K,  output. 
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Kpp  has  a  negative  gain  so  that  its  output  is  positive  for  a  nega¬ 
tive  input  from  the  differentiator  block  output.  Finally,  has 
a  negative  gain  so  that  its  output,  which  is  E12’  is  negative  for  a 
positive  input  from  Kpp  output.  Hence  is  negative  as  required 
for  to  null  EQp  at  the  input  of  block  Kp^. 

DESCRIPTION  OF  TP  AND  TR  CORRECTION  CIRCUITS 


Reference  Channel  Blocks  KT,  K 7,  Kg(  Kg  in  Fig.  19 


Figure  A12-1  is  a  schematic  of  the  GCU  400  Hz  reference  gen¬ 
erator.  This  figure  shows  the  circuit  diagrams  for  the  blocks  Kp, 

K^,  Kg,  and  Kg  of  Fig.  19,  the  instrumentation  diagram.  The  trans¬ 
former  block  shown  in  Fig.  19  is  the  UTC  H-5  transformer  shown  on 
Fig.  A12-1;  however,  this  transformer  is  actually  shown  on  "Chassis 
Wiring  Diagram,  Gyro  Compensation  Unit",  Fig.  B-2-1,  and  is  redrawn 
on  Fig.  A12-1  for  reference  purposes  only. 


The  UTC  H-5  transformer  in  Fig.  A12-1  is  block  K^,  in  Fig.  19. 
It  has  a  primary- to-secondary  impedance  ratio  of  95K  J2/15K  fi,  or  a 
corresponding  voltage  or  turns  ratio  ' ' 


ofy 

1  1 


15K 


=  2.517  Vrms/Vrms. 


The  secondary  voltage  is  therefore  ^  ^py  =  0.397  times  the  primary 

voltage;  l.e.,  gain  Kp  =  0.397  Vrms/Vrms  with  0°  phase  shift.  The 

voltage  E  in  Fig.  A12-1  is  then  attenuated  and  phase  shifted  by  the 
d 

15K-l.62K-0.27  MFG  network.  For  the  indicated  transfer  function, 
node  E,  voltage  becomes  for  115  Vrms,  400  Hz  reference  supply  volt- 

J-  /  y  / 


age  eri: 

Vrms;  i.e. 


115  (0.  397  )  (0.0692  ✓^44.8°)  =  3.16  ^44. 8° 

=  0.0692  y^^-44. 8°  Vrms/Vrms  at  400  Hz. 


The  adjustable  phase  shift  amplifier  (Fig.  A12-1)  has  unity 
gain  but  has  a  phase  adjustment  (o^)  ranging  between  0  and  -127°. 

Hence,  the  output  signal  E^p  will  have  the  same  magnitude  as  the  in¬ 
put  Ep  but  of  different  phase.  If  Pp  were  made  infinite  or  very 

high  in  value,  the  phase  shift  could  be  adjusted  out  to  -180°.  How¬ 
ever,  since  only  approximately  -45°  phase  shift  is  required  for  this 
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stage,  is  limited  to  100K  fi  to  yield  reasonable  resolution  in  the 
adjustment  of  a.^.  The  30  pF  capacitors  connected  to  the  LM108AH  am¬ 
plifier  are  required  for  high-frequency  stabilization  of  the  ampli¬ 
fier.  They  do  not  affect  the  400  Hz  transfer  function  significantly. 


The  adjustable  gain  amplifier  (Fig.  A12-1)  is  required  to 
absorb  the  tolerance  of  components  in  the  circuits  for  i^,  K^,  and 

K8 


,  such  that  when  ER^  =  115  Vrms,  =  7.07  Vrms  “  44 *8° 

with  0  £  a2  £  -127°.  Since  Eg^,  the  input  to  this  amplifier,  is 
nominally  3.16  Vrms,  to  obtain  an  output  of  7.07  Vrms,  the  amplifier 


should  have  a  gain  of  ~ *?-  =  2.24  Vrms/Vrms.  For  this  nominal  gain, 

ID 

the  potentiometer  would  be  set  at  25. 9K  0.  The  gain  may  be  set 

anywhere  in  the  range  1.67  to  2.77  Vrms/Vrms  to  compensate  for  any 
circuit  component  tolerances,  so  that  ER2  =  7.07  Vrms  when  ER^  = 

115  Vrms.  Again,  the  30  pF  capacitors  used  in  this  amplifier  are 
for  high-frequency  stabilization  of  the  amplifier  and  in  no  way  af¬ 
fect  the  transfer  function  at  400  Hz. 

'I  and  Vs  Channel  Blocks  KQf  Ka,  Kv  Ml,  KL,  and  Kb  in  Fig.  19 

Figure  A13-1  is  a  schematic  of  the  GCU  Vg  and  ^  signal  con¬ 
dition  blocks  KG,  Kg,  Kp  Ml,  1^,  and  of  Fig.  19. 


* 

Considering  the  i|>  channel  in  Fig.  A13-1,  the  input  scale 
factor  Kg  is  given  as  1,00  VDC/ (deg/s).  The  adjustable  gain  ampli¬ 
fier,  K  ,  is  to  have  a  nominal  DC  and  low-frequency  gain  of  1.00 

cL 

VDC/VDC;  for  this  gain,  the  potentiometer  P2  should  be  set  to  262K. 

The  gain  may  be  set  anywhere  in  the  range  0.84  to  1.53  VDC/VDC  to 
compensate  for  any  scale  factor  tolerance  on  K  and  any  circuit 

component  tolerances.  Potentiometer  P2  will  also  compensate  for 

the  gain  tolerances  on  amplifier  K- ,  the  multiplier  Ml,  and  low- 

/«2  \ 

pass  filter  ^ T'  8-f]l  blocks  in  Fig.  19,  so  that  the  DC  signal  reach¬ 
ing  node  E^  in  Fig.  19  equals  the  calibrated  value  of  roll  test 
signal  ETR  when  (Vgip/g)  =  0.50°.  This  adjustment  is  explained  in 
Note  6  for  Fig.  A13-1. 
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Potentiometer  is  a  DC  offset  control  for  setting  the  net 
offset  voltage  at  node  E^,  the  output  of  multiplier  Ml,  to  0.000 
±0.005  VDC  with  Vg  at  its  maximum  value  of  100  kt  and  \j/  =  0.0  deg/s 
after  potentiometer  P,.  has  been  adjusted,  as  noted  in  multiplier  Ml 
description  below.  At  node  E^,  a  0.005  VDC  offset  amounts  to  a 
rD  measurement  error  of  approximately  0.026°  when  the  ship  is  moving 

at  maximum  forward  velocity  of  100  kt.  At  a  slower  forward  velocity 

the  F  measurement  error  will  be  proportionately  less  due  to  offset 
R 

in  the  tj/  path. 

The  0.01  MFD  capacitor  connected  between  pins  2  and  6  of  the 
LM108AH  DCOA  ensures  high-frequency  stability  of  the  DCOA  without 
significantly  affecting  the  DC  and  low-frequency  response  in  the 

• 

iJt  signal  path. 

The  amplifier  stage  has  a  fixed  gain  of  -1.00  VDC/VDC  at 

DC  and  low  frequencies,  and  this  gain  is  determined  by  the  R^-R^ 

resistor  network.  The  tolerance  in  this  gain  is  better  than  ±2% 
and  may  be  absorbed  by  adjusting  potentiometer  V  in  the  K  adjust- 

able  gain  amplifier  stage.  The  0.47  MFD  capacitor  connected  between 
pins  2  and  6  of  the  LM108AH  DCOA  ensures  high-frequency  stability 
of  the  DCOA  without  significantly  affecting  the  DC  and  low-frequency 

response  in  the  ip  signal  path.  Any  output  DC  offset  at  node  E^ 

due  to  the  amplifier  in  this  stage  and  in  the  previous  stage  may  be 
nulled  by  potentiometer  P^  as  explained  above.  The  changes  in  DC 

offset  at  node  caused  by  the  Kg  and  amplifier  stages  due  to 

temperature  changes  of  ±10°C  are  negligible. 

Considering  the  Vg  channel  in  Fig.  A13-1,  the  input  scale 
factor  is  given  as  0.100  VDC/kt  or  0.0592  VDC/ (ft/s).  The  ad¬ 
justable  gain  amplifier  is  to  have  a  nominal  DC  and  low-frequency 
gain  of  1.00  VDC/VDC;  for  this  gain,  the  potentiometer  P^  should  be 

set  to  125K.  The  gain  may  be  set  anywhere  in  the  range  0.75  to 
1.25  VDC/VDC  to  compensate  for  any  scale  factor  tolerance  on  ^ 

and  any  circuit  component  tolerances.  Assuming  the  gain  potentiom¬ 
eter  P^  has  been  properly  adjusted  to  yield  the  equivalent  of  0.0592 

VDC/(ft/s)  at  node  Eq^»  gain  potentiometer  P ^  in  the  ip  channel  will 
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be  used  to  compensate  for  its  own  circuit  tolerances  and  gain  toler- 

ances  of  blocks  in  the  ^  path  leading  to  node  in  Fig.  19  as 
explained  above. 

Potentiometer  in  Fig.  A13-1  is  a  DC  offset  control  for 
setting  the  net  offset  voltage  at  node  the  output  of  multi¬ 

plier  Ml,  to  0.000  ±0.005  VDC  with  at  its  maximum  value  of  10°/s 
and  Vg  =  0.0  kt,  after  potentiometer  P^  has  been  adjusted,  as  noted 

in  the  multiplier  Ml  description  below.  At  node  >  a  0.005  VDC 
offset  amounts  to  a  measurement  error  of  approximately  0.026° 

when  the  ship  is  turning  at  a  maximum  rate  of  10.0°/s.  At  a  slower 
turning  rate,  the  r  measurement  error  will  be  proportionately  less 

due  to  offset  in  the  Vg  path.  Changes  in  the  output  DC  offset  in 

stage  due  to  ±10°C  temperature  changes  are  negligible. 

The  0.027  MFD  capacitor  connected  between  pins  2  and  6  of 
the  LM108AH  DCOA  ensures  high-frequency  stability  of  the  DCOA  with¬ 
out  significantly  affecting  the  DC  and  low-frequency  response  in 
the  Vg  signal  path. 

The  multiplier  Ml  is  an  Analog  Devices  model  AD534J  that  has 
a  nominal  transfer  function  given  by  =  0.100  (Eq2  *  Eq^K  The 

scale  factor  0.100  VDC/(VDC-VDC)  has  a  tolerance  of  ±0.25%  that 
introduces  negligible  error.  This  tolerance  along  with  other  gain 

tolerances  in  the  ^  path,  however,  may  be  absorbed  by  gain  potentiom¬ 
eter  adjustment,  as  noted  above.  The  scale  factor  temperature 

coefficient  is  ±0.02%/°C,  and,  for  a  ±10°C  environment,  this  error 
source  may  be  neglected. 

The  feedthrough  errors  for  the  x  and  y  channels  of  multiplier 

Ml  are  given  as  ±0.3%  and  ±0.01%,  respectively.  For  this  reason, 

the  V  path  signal  should  be  applied  to  the  y  channel.  In  the  ab- 
s 

sence  of  a  turning  rate  ^  but  for  a  ship  speed  of  maximum  100  kt, 
the  signal  level  at  the  x  channel  input  would  be  0.0  VDC  while  the 
signal  level  at  the  y  input  would  be  10.0  VDC.  The  multiplier  out¬ 
put  at  node  E04  could  then  be  in  error  by  ±0.001  VDC  (=  ±0.01%  x 

10.0  VDC)  due  to  feedthrough.  This  translates  into  an  error  in  T 

R 

generation  of  ±0.0052°,  which  is  very  small  and  may  be  neglected. 

This  error  would  be  30  times  larger  if  the  Vg  path  signal  were  ap¬ 
plied  to  the  x  channel  input  instead  of  the  y  channel  input. 
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If  the  ship  is  moving  at  maximum  velocity  (V  =  100  kt)  and 

is  turning  at  maximum  rate  (4*  =  10°/s)  (assuming  it  were  possible 

to  achieve  this  rate  at  V  =  100  kt),  an  error  is  introduced  at  the 

s 

output  of  the  multiplier  Ml  due  to  its  nonlinearity  of  ±0.4%.  The 
multiplier  output  would  ideally  be  10.0  VDC,  which  corresponds  to 
rR  =  52.5°;  due  to  nonlinearity  the  error  in  TR  would  be  ±0.21° 

(=  ±0.4%  x  52.5°).  The  nonlinearity  error  however  will  be  much 

smaller  in  general  since,  if  Vg  =  100  kt  and  i  =  10° /s,  the  ship 

would  be  asked  to  produce  a  0.92  g  maneuver,  an  acceleration  that 

is  not  likely.  For  Vg  =  100  kt,  1 1  will  more  likely  not  exceed 

1.09°/s  (-*•  0.10  g  maneuver)  and  the  nonlinearity  error  in  PR 

generation  is  not  likely  to  exceed  ±0.023°,  which  is  small. 

The  input  offsets  of  the  x  and  y  multiplier  channels  may 
be  effectively  nulled  by  means  of  potentiometers  and  P^,  using 

the  procedures  outlined  in  Notes  5  and  7  in  Fig.  A13-1,  while  the 
output  offset  of  the  multiplier  Ml  may  be  hulled  by  potentiometer 
Pj.  Changes  in  the  input  offsets  due  to  temperature  are  a  maximum 

of  100  pV/°C  and  for  a  ±10°C  environment  would  yield  a  maximum 

change  of  ±1  MV.  In  the  channel  this  would  be  equivalent  to  a 
maximum  error  in  the  generation  of  T  of  ±0.0052°,  assuming  V  is 

K  S 

at  its  maximum  of  100  kt;  this  is  a  negligible  error.  In  the  Vg 

channel  a  ±1  MV  multiplier  input  offset  change  is  equivalent  to  a 

maximum  error  in  the  generation  of  TR  of  ±0.0052°,  assuming  ip  is 

at  its  maximum  of  10° /s;  this  is  a  negligible  error.  Changes  in 
the  multiplier  output  offset  due  to  temperature  are  a  maximum  of 
200  pV/°C:  for  a  ±10°C  environment,  the  output  offset  could  be  a 
maximum  of  ±2  MV  (at  node  Eq^  in  Fig.  A13-1).  This  is  equivalent 

to  an  error  in  TR  generation  of  ±0.010°,  a  negligible  error. 

Potentiometer  P^  may  be  used  to  null  any  significant  net 

offsets  at  the  output  of  the  LP  filter  block,  (^/(t^s  +  1)  in 

Fig,  19.  If  the  null  at  this  point  is  within  ±2.5  MV,  the  equiva¬ 
lent  rR  error  is  only  0.01°.  This  adjustment  should  take  precedence 

over  the  multiplier  output  null  adjustment. 


-  176 


THE  JOHNS  HOPKINS  UNIVERSITY 

APPLIED  PHYSICS  LABORATORY 

LAUREu  MA  KVLANC 


Vs  i)  Channel  Blocks  K2/(t1  s  +  1),  K3,  and  K4  in  Fig.  19 


Figure  A14-1  is  a  schematic  of  the  GCU  (V  iji)  blocks 
K2/<:T1S+1)’  K3’  and  K4  °f  Fig*  19‘  S 

The  multiplied  signal  E^  of  Fig.  19  becomes  the  input  to  the 

K2^T1S+F^  filter  block  and  is  signal  E^  in  Fig.  A14-1.  The 

filter  time  constant  is  determined  by  the  R^C^  Pr°duct  and 

is  selected  by  means  of  a  chassis  mounted  switch,  i.e.,  either 
node  5  or  6  will  be  connected  to  node  4  by  means  of  the  switch. 

The  time  constants  that  may  be  selected  are  8  and  27  s,  which 
match  those  of  the  two  vertical  gyros  available  for  tests.  Note 
that  the  capacitors  CL  also  guarantee  high-frequency  stability  of 
the  LM108AH  DCOA.  1 

K2  DC  gain  should  be  nominally  -1.295  and  is  actually  -1.296 

in  Fig.  A14-1.  The  adjustable  gain  amplifier,  K  in  Fig.  19,  is 

capable  of  absorbing  any  tolerance  in  K 2  DC  gain  as  noted  above. 

The  DC  offset  at  the  output  node  Eq^  of  the  LM108AH  DCOA  (Fig. 

A14-1)  is  nominally  0.0  MV  at  25°C.  However  it  may  take  on  any 
value  between  +3.2  and  -3.2  MV;  this  is  equivalent  to  a  TR  error 

of  ±0.013°,  which  is  negligible.  This  offset,  however,  may  be 

nulled  to  within  ±2.5  MV  (-►  r  error  of  ±0.01°)  if  desired  by  ad- 

K 

justing  potentiometer  P,.  in  the  multiplier  Ml  circuit  of  Fig.  A13-1. 

For  ±10°C  temperature  changes,  the  DC  offset  at  node  EQ^  in  Fig. 

A14-1  should  not  change  by  more  than  ±0.4  MV,  which  corresponds 
to  a  TR  error  of  less  than  0.002°  —  a  negligible  error. 

Adjustable  gain  amplifier  (Fig.  A14-1)  has  a  DC  and 

low-frequency  gain  set  by  the  -(R,/R„  )  resistance  ratio.  For  a 

4  3a 

nominal  gain  of  -1.00,  potentiometer  would  be  set  to  25K  fi. 
Potentiometer  P^  however  will  be  set  to  compensate  for  the  toler¬ 
ance  in  the  small  signal  gain  of  the  succeeding  nonlinear  gain 
amplifier,  in  Fig.  19  and  Fig.  A14-1,  and  for  any  gain  toler¬ 
ances  in  the  multiplier  M2,  attenuator  K^,  and  scale  factor 
for  the  VG  roll  pendulum  angle  transducer  in  Fig.  19. 
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The  output  DC  offset  of  Kg  stage  in  Fig.  A14-1  should  not 

exceed  1  MV  at  25°C,  and  this  corresponds  to  a  negligible  PR  error 

(<  0.005°).  Changes  in  the  output  DC  offset  for  ±10°C  temperature 
changes  are  less  than  1  MV  and  hence  are  negligible. 

The  roll  VG  channel  may  be  conveniently  checked  by  injecting 
a  DC  signal  into  the  Kg  amplifier,  which  represents  the  equivalent 

of  +0.50°  or  -0.50°  of  roll  pendulum  angle  deflection.  The  circuit 
for  doing  this  is  shown  in  Fig.  A14-1  and  is  shown  for  reference 
purposes  only  since  it  is  not  contained  on  Card  No.  14.  In  Fig. 
A14-1,  if  the  roll/pitch  select  switch  is  in  the  "roll"  position 
and  if  the  PB  switch  is  pressed  and  held,  either  a  -123  MVDC  or  +123 
MVDC  signal  is  applied  to  R3b  as  an  input  to  the  Kg  adjustable  gain 

amplifier.  These  signals  represent  either  -0,50°  or  +0.50°,  respec¬ 
tively,  in  T  units.  This  signal  will  pass  through  blocks  K,,  K. , 

R  3  4 

M„ ,  Kc,  and  K,  of  Fig.  19  to  the  input  of  the  roll  erection  ampli- 
2.  5  o 

fier,  which  will  torque  the  gyro  about  its  pitch  axis.  The  gyro 
then  torques  the  platform  about  the  roll  axis  causing  the  platform 
to  tilt  about  the  roll  axis  in  accordance  with  the  roll  axis  closed- 
loop  dynamics.  Ultimately  the  roll  angle  pendulum  will  reach  an 
angle  of  0.50°  in  a  direction  such  as  to  generate  a  signal  EQR 

(Fig.  19),  which  nulls  the  signal  Eg  caused  by  the  test  signal  ETR 

injected  into  Block  Kg.  When  this  occurs,  the  torquing  of  the  gyro 

and  the  platform  will  cease.  Thus  a  +123  MVDC  test  signal  (ETR  in 

Fig.  19)  will  cause  the  VG  platform  to  tilt  in  a  direction  equivalent 
to  the  tilt  that  the  pendulum  would  undergo  if  there  was  a  positive 

turning  rate  4/  (i.e. ,  turning  to  the  right)  when  the  ship  is  going 
at  forward  velocity  V  .  The  amount  of  the  latter  pendulum  tilt 
would  be  +0.50°.  S 

The  stability  of  the  ±123  MVDC  source,  which  is  mainly  a 
function  of  the  temperature  coefficient  of  the  1N704A  zener  diodes 
(Fig.  A14-1) ,  should  be  better  than  0.5%  for  a  ±10°C  temperature 
environment  and  ±1%  regulated  supplies  (±15V). 

The  0.1  MFD  capacitor  connected  between  pins  2  and  6  of  the 
Kg  amplifier  (Fig.  A14-1)  is  used  for  high-frequency  stability  of 

the  LM108AH  DCOA.  It  does  not  affect  the  DC  and  low-frequency 
response  of  Kg  amplifier. 
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In  Fig.  A14-1,  the  nonlinear  gain  amplifier  (limiter)  stage 
has  a  linear  DC  and  low-frequency  small  signal  nominal  gain  of 

-30.1  given  by  the  -(R^/R^)  resistance  ratio.  Nominal  gain  for  this 

stage  should  be  -31.12;  the  deviation  from  the  desired  gain  may  be 
compensated  for  by  adjustment  of  potentiometer  of  Kg  stage. 

When  the  output  signal  level  magnitude  increases  and  reaches 
5.8  VDC,  soft  limiting  via  the  FD300  feedback  diodes  D^  and  in 

the  output  starts.  This  is  equivalent  to  (±5.8  V/30.1)  =  ±0.193  VDC 
at  K.  input,  which  is  equivalent  to  ±0.78°  of  T  nominally.  As  the 

signal  output  magnitude  increases  and  reaches  about  7.0  VDC,  hard 
limiting  sets  in  via  the  FD300  feedback  diodes  Dg  and  D^.  This  is 

equivalent  to  K^  input  of  ±0.35  VDC,  which  is  equivalent  to  ±1.4° 

of  PR.  Figure  20  is  a  plot  of  E^g  versus  E^  where  E^  and  E^ 

refer  to  Fig.  A14-1.  This  plot  has  been  translated  into  equivalent 
(-Eg)  signal  in  Fig.  19  as  a  function  of  the  input  tilt  angle  gen¬ 
erated  by  the  VGMCS  and  is  shown  in  Fig.  21.  Also  shown  in  Fig.  21 
for  comparison  purposes  is  a  plot  of  the  vertical  gyro  roll  pendulum 
transducer  output,  EQR,  versus  tilt  angle  for  SN193  vertical  gyro, 

which  was  tested  in  the  laboratory.  From  0°  up  to  about  ±0.6°  of 

tilt  angle,  the  match  between  -E  and  E  is  fairly  good,  and  we 

O  UK 

would  expect  almost  perfect  cancellation  of  EQR  by  Eg  at  block  K& 
(Fig.  19)  assuming  the  phase  of  signal  Eg  has  been  properly  corrected 

and  the  system  time  constants  are  matched.  Above  about  ±0.9°,  the 
Eg  output  magnitude  is  generally  less  than  EQR,  which  is  the  de¬ 
sired  mode  of  operation.  For  tilt  angles  between  about  ±0.6  and 
±0.9°,  the  VGMCE  overcompensates  undesirably.  However,  by  reducing 
block  Kg  gain  slightly,  much  of  the  overcompensation  may  be  elimi¬ 
nated  at  a  slight  sacrifice  in  the  accuracy  of  compensation  in  the 
0  to  ±0.6°  tilt  angle  range. 

In  Fig.  A14-1,  the  FD300  diodes  are  a  very  low  leakage  type, 
and  are  required  because  of  the  high  impedance  level  (10  M£2  =  R,) 

D 

at  which  the  amplifier  operates  when  not  in  the  limiting  region. 

The  output  DC  offset  at  node  En_  due  to  the  diode  leakage  current 
—9  u  j 

(<2(10  )  amperes  for  each  diode  for  a  ±10°  environment  and  the 

LM108AH  DCOA  should  not  exceed  75  MVDC.  This  is  equivalent  to  a 
Tr  angle  error  of  not  more  than  0.01°,  which  is  negligible. 
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The  actual  stage  transfer  function  contains  a  low-pass  filter 
with  a  0.010  s  time  constant;  this  filter  has  an  insignificant  ef¬ 
fect  on  the  system  since  the  latter  time  constant  is  insignificant 
compared  to  the  system  time  constant  set  by  and  in  the  LP 
filter  stage  of  Fig.  A14-1. 

As  in  previous  stages,  the  30  pF  capacitor  in  the  nonlinear 
gain  stage  (Fig.  A13-1)  is  required  for  high-frequency  stability 
of  the  LM108AH  DCOA. 

Vs  1 1  Channel  Blocks  M2,  K5,  Kg,  and  KR  in  Fig.  19 


Figure  A16-1  is  a  schematic  of  GCU  (V  ij>)  blocks  M  ,  K  ,  K, 

S  t  j  u 

in  Fig.  19.  Block  in  Fig.  19  represents  the  roll  pendulum  angle 

transducer  scale  factor  with  a  nominal  value  of  10.0  Vrms/rad.  The 
output  of  this  transducer  appears  at  pin  6  of  the  connector  in  Fig. 
A16-1. 


The  output  of  the  nonlinear  gain  amplifier  in  Fig. 

19,  appears  as  at  pin  1  of  the  connector  in  Fig.  A16-1  and  drives 
the  multiplier  M2  input.  The  other  input  to  the  multiplier  is 
ER2  at  input  and  is  the  7.07  Vrms  400  Hz  reference.  The  multi¬ 
plier  is  an  Analog  Devices  model  AD534J  and  is  used  as  a  modulator 
that  produces  a  suppressed  carrier  output  waveform  at  node  E^  , 

Fig.  A16-1.  It  has  a  nominal  transfer  function  given  by  = 

0.100  (E^  eR2^"  scale  factor  0.100  Vrms/ (Vdc  *  Vrms)  has  a 

tolerance  of  ±0.25%,  which  introduces  negligible  error;  however, 
if  desired,  this  tolerance  may  be  absorbed  by  adjustment  of  gain 
in  the  adjustable  gain  amplifier  of  Fig.  19.  The  scale  factor 

temperature  coefficient  of  ±0.02 %/°C  for  a  ±10°C  environment  yields 
negligible  error. 

The  feedthrough  errors  for  the  x  and  y  channels  of  multiplier 
M2  are  given  as  ±0.3%  and  ±0.01%,  respectively.  To  minimize  feed¬ 
through  errors  the  7.07  Vrms,  400  Hz  reference  signal  (Ej^)  should 

be  fed  to  the  y  input  of  M2.  In  the  absence  of  a  roll  pendulum 
signal  (E^,  Fig.  A16-1) ,  the  output  E^^  will  not  exceed  ±0.01% 

(7.07  Vrms)  =  0.7  MVrms.  At  node  Eq^  the  scaling  is  «  0.19°/Vrms) 

so  that  the  0.7  MVrms  feedthrough  signal  represents  a  negligible 
error  of  0.00013° . 
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The  equivalent  input  offset  of  multiplier  M2  x  channel  should 
not  exceed  6  MV  in  magnitude  including  a  ±10°C  temperature  environ¬ 
ment.  This  translates  into  an  equivalent  TR  measurement  error  of 

0.00081°  for  a  node  E1  (Fig.  A16-1)  scaling  of  ~  0.135°/VDC;  this 

is  a  negligible  error. 

The  signal  at  node  Eq^  (Fig.  A16-1)  is  a  suppressed  carrier 

400  Hz  type,  the  amplitude  of  which  is  proportional  to  signal 

at  multiplier  M2  input.  It  contains  a  small  DC  offset  due  to  the 
multiplier  output  circuit.  The  offset  may  be  nulled  via  adjustment 
of  potentiometer  P^;  however,  since  the  offset  does  not  affect  the 

modulated  signal  per  se,  it  should  be  unnecessary  to  null  it.  The 
only  reason  for  performing  the  null  operation  would  be  to  ensure 
that  the  DC  offset  reaching  node  E^^  (Fig.  A16-1)  that  connects  to 

the  VG  roll  erection  amplifier  input  via  the  relay  contacts  is 

small.  Depending  on  relay  contact  position,  the  roll  erection 

amplifier  normally  receives  a  low-level  400  Hz  signal  either  from 
the  roll  pendulum  transducer  output  (output  of  Block  in  Fig.  19) 

or  from  the  output  of  the  summation  and  unity  gain  buffer  amplifier 
(block  in  Fig.  19),  which  is  node  Eq^  in  Fig.  A16-1.  It  is  not 

known  whether  this  amplifier  can  tolerate  a  comparatively  large  DC 
level  at  node  E^  so  it  is  wise  to  reduce  this  level  to  a  value  much 

lower  than  the  maximum  AC  input  signal  level  handled  by  the  roll 
erection  amplifier.  It  is  likely  that  this  amplifier  can  handle 
signal  levels  corresponding  to  TR  0.50°  or  about  87  MVrms;  hence 

the  DC  offset  at  node  should  probably  be  held  below  10  MV.  At 

node  E^  (Fig.  A16-1)  the  DC  offset  due  to  the  multiplier  output 

should  preferably  not  exceed  5  MV  (which  would  yield  a  5  MV  output 
offset  at  node  —  half  the  maximum  preferred  of  10  MV).  At 

node  EQ1  the  corresponding  multiplier  DC  offset  output  could  there¬ 
fore  be  as  high  as  (5  MV/0.03113)  =  161  MVDC,  where  0.03113  is  the 
attenuation  factor  of  the  -  R.,  attenuator  network.  Since  the 

multiplier  output  DC  offset  is  not  expected  to  exceed  40  MV  due 
to  all  environments  (including  ±10°C  temperature  changes),  it  is 
hardly  necessary  to  adjust  potentiometer  at  all  (pin  6  of  multi¬ 
plier  M2  could  be  grounded  without  any  detrimental  effect). 
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The  attenuator  K,.  shown  in  Fig.  A16-1  is  a  resistive  network 

consisting  of  and  R2  and  has  an  attenuation  factor  of  = 

0.03113.  This  network  is  then  followed  by  the  summation  and  unity 
gain  buffer  amplifier.  This  is  a  unity  gain  differential  amplifier 
with  positive  gain  to  both  signals  (which  is  Eg  in  Fig.  19)  and 

E  (which  is  the  VG  roll  pendulum  angle  signal).  The  contacts  on 

relay  (Fig.  A16-1)  connect  the  output  of  the  VG  roll  pendulum 

transducer  (EnD)  to  this  amplifier  through  the  summing  resistor 

R. .  Signal  E  connects  to  the  other  summing  resistor  R,.  The  net 

4  3  J 

DC  and  low-frequency  gain  is  unity  to  each  signal.  The  75  and  30 
pF  capacitors  are  required  for  high-frequency  stability  of  the 
LM108AH  DCOA  and  do  not  significantly  affect  the  amplitude  and 
phase  response  to  400  Hz  signals  E^  and  eqR» 

Relay  is  used  to  route  the  roll  pendulum  pickoff  signal 

either  directly  to  the  roll  erection  amplifier  (when  the  VGMCU  is 
not  in  use)  or  to  the  summation  and  unity  gain  buffer  amplifier 
(when  the  VGMCU  is  in  use)  via  a  front  panel  switch  (not  shown  in 
Fig.  A16-1) . 


(Vs/g)  Channel  Blocks  (K10s)/(r2  s  +  1),  Kn,  and  K12  in  Fig.  19 

Figure  A15-1  is  a  schematic  of  the  GCU  (V  /g)  path  blocks 
K  s/(x  s+1),  K  and  K.. ,  of  Fig.  19.  S 


The  ship's  velocity  signal  E2  of  Fig.  19  becomes  the  input 
to  the  K^qS/(t2S+1)  differentiator  and  LP  filter  block  and  is  sig¬ 
nal  in  Fig.  A15-1.  The  differentiation  is  accomplished  via 

capacitance  C.  (=  C.  or  C_,  )  and  resistance  R„  (=  R„  or  R„,  )  in 
1  la  lb  l  la  Id 

Fig.  A15-1.  The  LP  filter  time  constant  is  established  by  the 

R^C^  (=  or  RiCib^  product.  R2  and  are  selected  by  means 

of  a  chassis-mounted  switch.  R2  must  be  changed  whenever  is 

changed  in  order  to  keep  gain  K  constant  (=  K.n  in  Fig.  19).  The 

a  iu 

LP  filter  time  constants  that  may  be  selected  are  8  and  27  s,  the 
latter  time  constants  match  those  of  the  two  vertical  gyros  avail¬ 
able  for  tests.  Capacitance  C2  (Fig.  A15-1)  ensures  high-frequency 

stability  of  the  LM108AH  DCOA. 
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K  gain  (Fig.  A15-1)  should  be  -7.42  VDC/(VDC  *  rad/s)  and 

cl 

is  very  close  to  the  desired  value.  The  DC  offset  at  the  output 
node  EQ1  of  the  LM108AH  DCOA  is  nominally  0.0  MV  at  25°C.  However 

it  may  take  on  any  value  between  +20  MV  and  -20  MV  (worst  case 
limits);  this  is  equivalent  to  a  error  of  ±0.08°,  which  may  be 

considered  negligible.  These  offset  values  include  a  ±10°C  temper¬ 
ature  environment. 

Adjustable  gain  amplifier  (Fig.  A15-1)  is  similar  to  ad¬ 
justable  gain  amplifier  K^,  which  was  discussed  above  and  the  same 
comments  made  with  respect  to  apply  to  K^.  Testing  of  the  pitch 

VG  channel  may  be  conveniently  checked  in  the  same  way  that  the  roll 
VG  channel  was  tested  as  discussed  above  except  that  the  roll/pitch 
test  switch  would  be  placed  in  the  "pitch"  position.  In  this  case, 
the  test  signal  passes  through  blocks  K.^,  K^.  M^,  K^>  and  Ki4 

Fig.  19  to  the  input  of  the  pitch  erection  amplifier,  which  will 
torque  the  gyro  about  its  roll  axis.  The  gyro  then  torques  the 
platform  about  the  pitch  axis  causing  the  platform  to  tilt  about 
the  pitch  axis  in  accordance  with  the  pitch  axis  closed  loop  dy¬ 
namics.  Ultimately,  the  pitch  pendulum  angle  will  reach  an  angle 
of  0.50°  in  a  direction  such  as  to  generate  a  signal  EQp  (Fig.  19), 

which  nulls  the  signal  E^  caused  by  the  test  signal  E^  injected 

into  Block  When  this  occurs,  the  torquing  of  the  gyro  and 

the  platform  will  cease. 

In  Fig.  A15-1  the  nonlinear  gain  amplifier  (limiter)  stage 
K^2  is  identical  in  design  to  block  in  Fig.  19,  which  has  been 

discussed  above.  The  comments  with  respect  to  the  design  for  block 
apply  to  block  K^* 

Vs/g  Channel  Blocks  M3,  K13,  K14,  and  Kp  in  Fig.  19 

Figure  A16-1  is  a  schematic  of  GCU  (V  /g)  blocks  M3,  Kn_, 

S  ij 

in  Fig.  19.  Block  Kp  in  Fig.  19  represents  the  pitch  pendulum 

angle  transducer  scale  factor  with  a  nominal  value  of  10.0  Vrms/rad. 
The  output  of  this  transducer  appears  at  pin  9  of  the  connector  in 
Fig.  A16-1. 
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The  output  of  the  nonlinear  gain  amplifier  in  Fig. 

19,  appears  as  E 2  at  pin  2  of  the  connector  in  Fig.  A16-1  and  drives 

the  multiplier  M3  input.  The  other  input  to  the  multiplier  is 

E  _  at  Y  input  and  is  the  7.07  Vrms  400  Hz  reference.  The  multi- 
R2  1 

plier  is  an  Analog  Devices  model  AD534J  and  is  used  as  a  modulator 
that  produces  a  suppressed  carrier  output  waveform  at  node  Eq2> 

Fig.  A16-1.  It  has  a  nominal  transfer  function  given  by  E^  = 

0.100  (E..E  0).  The  scale  factor  0.100  Vrms/ (VDC  *  Vrms)  has  a 

tolerance  of  ±0.25%,  which  introduces  negligible  error;  however, 
if  desired,  this  tolerance  may  be  absorbed  by  adjustment  of  gain 
in  the  adjustable  gain  amplifier  of  Fig.  19.  The  scale  factor 

temperature  coefficient  of  ±0.02%/°C  for  a  ±10°C  environment  yields 
negligible  error.  The  other  errors  in  this  multiplier  are  similar 
to  those  for  multiplier  M2  in  Fig.  A16-1  and  have  been  discussed 
above. 


The  offset  null  potentiometer  in  Fig.  A16-1  is  similar  in 

function  to  potentiometer  in  Fig.  A16-1,  which  has  been  discussed 
above . 

The  attenuator  in  Fig,  19  is  the  resistive  network  con¬ 
sisting  of  R?  and  Rg  in  Fig.  A16-1  and  has  an  attenuation  factor  of 
=  0.03113.  This  network  is  followed  by  the  summation  and  unity 

gain  buffer  amplifier.  This  is  a  unity  gain  differential  amplifier 
with  positive  gain  to  both  signals  Eg  (which  is  E^  in  Fig.  19)  and 

E0p  (which  is  the  VG  pitch  pendulum  angle  signal) .  The  contacts  on 

relay  (Fig.  A16-1)  connect  the  output  of  the  VG  pitch  pendulum 

transducer  (EQp)  to  this  amplifier  through  the  summing  resistor  R^q. 

Signal  Eg  connects  to  the  other  summing  resistor  Rg.  The  net  DC 

and  low-frequency  gain  is  unity  to  each  signal.  The  75  pF  and  30 
pF  capacitors  are  required  for  high-frequency  stability  of  the 
LM108AH  DCOA  and  do  not  significantly  affect  the  amplitude  and 
phase  response  to  400  Hz  signals  Eg  and  Eop. 

As  in  the  case  for  relay  with  respect  to  the  roll  pendu¬ 
lum  pickoff  signal  discussed  above,  relay  routes  the  pitch  pen¬ 
dulum  pickoff  signal  either  directly  to  the  pitch  erection  ampli¬ 
fier  (when  the  VGCU  is  not  in  use)  or  to  the  summation  and  unity 
gain  buffer  amplifier  (when  the  VGCU  is  in  use)  via  a  front  panel 
switch  (not  shown  in  Fig.  A16-1). 


-  184  - 


THE  JOHNS  HOPKINS  UNIVERSITY 

APPLIED  PHYSICS  LABORATORY 

LAUREL  Maryland 


Signal  Readout  Meter  Channel  Blocks  M4,  K15,  and  M  in  Fig.  19 


Figure  A16-1  is  a  schematic  of  the  GCU  meter  channel  blocks 
M4  and  in  Fig.  19.  The  readout  meter  M  in  Fig.  19  is  not  shown 

in  Fig.  A16-1  since  it  is  mounted  on  the  front  panel.  Meter  M  is  a 
zero  centered  100-0-100  pA  meter  calibrated  to  read  ±2.0°  full  scale. 
A  front  panel  tilt  angle  switch  not  shown  in  Fig.  A16-1  selects  any 
of  the  following  seven  signals  for  meter  readout  (the  switch  wiper 
is  connected  to  pin  17  of  the  connector  shown  in  Fig.  A16-1): 

1.  Pitch  pendulum  error  (connector  pin  13,  Fig.  A16-1), 

2.  Pitch  pendulum  correction  (connector  pin  12,  Fig.  A16-1) , 

3.  Pitch  pendulum  angle  (connector  pin  9,  Fig.  A16-1) , 

4.  Roll  pendulum  error  (connector  pin  11,  Fig.  A16-1) , 

5.  Roll  pendulum  correction  (connector  pin  8,  Fig.  A16-1) , 

6.  Roll  pendulum  angle  (connector  pin  6,  Fig.  A16-1),  and 

7.  OFF  (connector  pin  3,  Fig.  A16-1) .  In  this  position 

the  multiplier  M4  input  is  grounded. 

Multiplier  M4  is  operated  as  a  demodulator  (Fig.  A16-1)  that 
uses  Er2,  the  7.07  Vrms  400  Hz  reference,  for  demodulation  of  any 

of  the  pitch  and  roll  signals  selected  by  the  tilt  angle  selector 
switch.  For  proper  operation  of  the  VGMCE ,  the  phase  of  each  of 
the  selected  signals  should  be  either  in  phase  or  180°  out  of  phase 
with  the  400  Hz  reference  signal  ER2  as  explained  in  the  Instrumen¬ 
tation  Diagram  Description. 

The  output  of  the  demodulator,  E^,.,  is  as  follows: 


Let: 


Es  =  EsM  Sin  (<V  +  Cp) 

ER2  =  ER2M  Sin  “cfc 

=  multiplier  scale  factor 
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where 


cp  =  0°  or  180° 

to  =  reference  angular  frequency 
c 

=  2ir  f  ,  f  =  400  Hz 
c’  c 

EgM  and  Er2m  are  Pea^  values  or  amplitudes  of  respective 
sine  waves. 


Then 


E05  =  ^4  Es  ER2  =  *M4  EsM  ER2M  s±n  (V  +  C^  sin  V 

(173) 

„  KM4EsMER2M  r  .  /o  v  _l  cim  m/.\ 

E05  =  — — 2 -  COS  ^  ”  C0S  (2“c  +  4  '  •  *  (174) 

=  DC  component  +  second  harmonic  component. 


The  DC  component  of  Eq,.,  denoted  by  Eq,-(DC),  will  be  read  by  the  DC 
meter  M  in  Fig.  19.  The  other  component  of  Eq,.  is  the  second  har¬ 
monic  of  the  reference  frequency,  which  will  be  800  Hz.  The  latter 
will  be  filtered  by  the  capacitor  C^  in  Fig.  A16-1.  Thus 


E05<DC)  ' 


KM4EsMER2M 


cos  cp,  with  cp  =  0°  or  180° 


(175) 


If  <f>  -  0°,  EQ5(DC)  will  be  positive;  if  cp  =  180%  EQ5(DC) 

becomes  negative.  Hence  the  phase  of  the  signal  relative  to  the 
reference  determines  the  sign  of  the  DC  output.  The  scale  factor 
of  the  output  is  then  (where  1^  is  the  meter  DC  current) 


K 


!m  [E05(DC)/R13]  Vr2m 


15 


"sM 


sm 


2R 


A/VPk 


(176) 
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where  R, ~  is  the  total  meter  circuit  resistance  (Fig.  A16-1).  If 

—6 

we  desire  Iq  =  100  (10  )  A  full  scale  for  or  TR  angle  of  2°,  we 

note  that  the  T  or  T  pendulum  pickoff  has  a  nominal  scale  factor 
r  K 

of  10.0  Vrms/rad  or  0.1745  Vrms/deg  so  that  the  pickoff  signal  ampli¬ 
tude  corresponding  to  2°  would  be  0.349  Vrms.  Thus,  the  value  of 
in  Eq.  176  may  be  computed  as  follows: 


=  KH4EsMER2M 
13  =  2im 

where 

=  0.100  VPk/ (VPk  x  VPk)  (VPk  =  peak  voltage), 

E  =  0.3490  x  Sl~  =  0.494  VPk  =  peak  value  of  signal 
b‘  corresponding  to  2°  of  pickoff  deflection, 

EL  =  7.07  x  Si  =  10.0  VPk  =  peak  value  of  400  Hz 
reference  signal  ER2> 

1^  =  100  (10  ®)  A  =  desired  full  scale  meter  reading 

for  2°  of  pickoff  deflection,  and 

R  0.100  VPk  (0.494  VPk) (10.0  VPk)  2J,7r  „ 

13  VPk  x  VPk  (2)  (100)  1  6  A 


Nominally,  therefore,  the  potentiometer  P^  should  be  set  to 

2470-(750  +  750  +  465)  =  505  0  (Fig.  A16-1) ,  where  465  0  is  the  ap¬ 
proximate  DCR  of  the  readout  meter  M,  so  that  the  total  resistance 
R^^  would  be  2.47K  0.  For  a  particular  VG,  however,  the  roll  or 

pitch  pendulum  scale  factor  may  be  0.1745  Vrms/deg  ±25%;  hence  P^ 

should  be  adjusted  to  compensate  for  the  actual  tolerance  on  the 
scale  factor. 

Filtering  of  the  second  harmonic  current  from  the  meter  M 
is  accomplished  with  the  capacitor  C^.  The  actual  meter  current 
is  given  by 
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in  Fig.  A16-1 


where 


T  = 


{  R14  R15 

iR14  +  Ri5; 


For  the  nominal  values  of  R. 
6 


and  C, 


(10)10  *  5.22 


(ltf  3) 


s. 


14*  *'15 ’  “““  wl»  la  V  750  +  1720/ 
Thus  at  800  Hz  the  second  harmonic  currents 


-6 


750(1720) \ 


in  the  meter  will  be  attenuated  by  a  factor  of  ta  2ir(2f  )t  =  2tt(800) 

-3  c  a 

(5.22)10  J  -  26.2. 


The  DC  output  offset  of  the  multiplier  M4  typically  should 
not  exceed  10  MV  including  the  effects  of  a  ±10°C  temperature  en¬ 
vironment.  Hence  the  equivalent  meter  error  due  to  this  offset 
typically  should  not  exceed  0.04°,  which  is  negligible.  If  desired 
a  DC  offset  null  control  circuit  similar  to  that  for  multiplier  M2 
may  be  connected  to  the  Z^  node  of  multiplier  M4  so  that  the  offset 
may  be  nulled. 
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Fig.  1  Encounter  frequency  versus  ship  speed  assuming  X  =  13  h  and  a  two- 
dimensional  sea. 
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Fig.  2  Geometrical  relationship  of  a  vehicle  boom  altimeter  profiling  waves 


-  192 


TH€  JOHNS  HOPKINS  UNIVERSITY 

APPLIED  PHYSICS  LABORATORY 

LAUREL  MARYLAND 


Fig.  3  Exact  coordinate  converter  implementation. 
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Body-mounted 

accelerometer 

triad 


+ 


z  -g  bias 


Fig.  4  Simplified  coordinate  converter. 
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E  (hv)  =  0.2  sin  [2tt  (i.Ot))  t]  (V)  =  1  ft  peak  at  1  Hz  (V)  =  Volts 

E(tj )  =  3.064  sin  [2tt{  1.00)  t]  (V)  =  1  ft  peak  at  1  Hz 


E0  =0  when  PI  set  correctly 

Fig.  6  Special  test  circuit  to  set  gain  potentiometer  PI  on  board  #7. 
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E  (fj)  =  3.065  sin  [2*  (1.00)  t]  (V)  (V)  =  Volts 

E0  =0  when  P2  is  adjusted  correctly 

Note:  PI  must  be  set  correctly  before  P2  can  be  set. 


Fig.  7  Special  test  circuit  for  setting  gain  potentiometer  P2  on  card  #7. 


Fractional  error  in  calculation  of  hv,  e3 


Rss  surge  and  sway  fractional  error 
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Gain  A 


Fig.  9  Rss  fractional  error  due  to  surge  and  sway  accelerations,  as  a  function 
of  6  and  <S>  channel  gain  A  for  |0|  =  |0|  =  0.25  rad  and  |0I  =  101  =  0.175 
rad,  and  for  k  =  0.01  and  k  =  0.10. 
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Fig.  10  Simplified  block  diagram  of  motion-compensated  wave  profiler. 
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Signal  from 
output  of 
accelerometer 
signal  summing 
amplifier 


First-order 
HP  filter 


First-order 
LP  filter 


First-order 
HP  filter 


First-order 
LP  filter 


First-order 
HP  filter 


Transfer  function: 


E0 


(M2  (ra>5  s3 

<Ta  S  +  I)5 


where  coa  =  cutoff  angular  frequency  of  each  filter  =  —  ;  s  =  ju),  j  =  s/-1 

Ta 

if  co1  =  lowest  significant  wave  height  angular  frequency, 
and  co1  >  >  ojg,  then 


This  is  the  double  integration  function  required  of  the  filter  for  angular 
frequencies  oj1  >  >  a>g. 


Fig.  1 1  Five-stage  filter  configuration  required  for  double  integration  function. 
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1  M,  Rb 


02  , 

+250  MV/ft 


(Note  3) 
50  K  , 

Rf  : 


1  M,  R 

- WY — < 

-1.5  V  (Note  21 

i-6  ft 

(Note  2) 

-Ea  hV 

Rd 


LM108AH 


c03 

-250  MV/ft 


(Note  5) 

750_fi  _g  o  v 

L  -\\\  I 

^  1 

IN938B  N 

(Note  4) 


(Note  1) 


-6.25  V 


t(Actual)  <  3  K 


-5.00  V  < 


-3.75  V 


-2.50  Vi 


►1  M 
I  (Note  2) 


-15  V  +  15  V 


t  1.  Choose  R2  such  that  voltage  at 

-25  ft  position  of  SWI  is  -6.25  V  ±0.05  V. 
R2  WW,  ±1%,  ±50  ppm/°  C. 

'  Eb  Nom.  value  of  R2  =  6.6  K  f2. 

■  •  2.  ±1%,  metal  film,  T.C.  <  ±50  ppm/°C. 

SWI 

IP,  6  pos  3.  WW,  ±1%,  T.C.  <  ^50  ppm/°C. 

MRB 

4.  Temp,  coeffic:  ±0.001%/°C, 

Dynamic  imped:  <  30  £2  @  lz  =  7.5  MA. 

(Note  3)  Rg:  ±1%.  metal  film,  T.C.  <  ±100  ppm/°C. 

‘  (All  3  K  resistors)  6.  WW,  ±5%,  T.C.  <  ±50  ppm/°C. 


Fig.  13  Complete  schematic  of  offset  adjustment  amplifier  shown  in  Fig.  A9-1. 
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13)  where  Km  =  Ka  K13  K14  K,6  Ke;  Kn  =  Kg  K2t  K23  K16  K0; 

14)  let  (KaK13K14]  (K16Ke)  =  ((KgK2tK23K1+e,)]  <K16  Ke).  or  Km  =  Kn  (  1  +  e,) 

where  6  1  =  fractional  error  in  adjusting  the  accelerometer  channel  gain  to  equal  the  altimeter  channel  gain. 


’(1  +€,)  (Tas)5 

rb5| 

hv  +  K0 

_rbs " 

(TaS+  I)5 

Wb5+1_l 

kbs+ 1_ 

Note  Notation  used  herein  corresponds  to  that  used  in  Fig.  12. 


Fig.  14  Block  diagram  for  error  analysis  of  MCU  system. 
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PSD 


AZCAB  -  Vertical  cabin  acceleration  (g) 


Frequency  (Hz) 


Fig.  15  Power  spectral  density  of  ship's  vertical  acceleration. 


Se  (we)  (ft2/( rad/s)) 
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Fig.  17  Power  spectral  density  of  encountered  wave  height. 
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Signal 


Vertical  gyro 

|  scale  facto 

r  vs^ 

400  Hz  sig  — 
g 

roll  pendulum 
angle 

■r>,Rad  r 

kd 

Vrms 

R  \  g  /  g  J 

1  Signal 

scale  factor 


is  in  operation  when  bypass  relay  contacts  are  in  position 
Normal  operation  of  vertical  gyro  (i.e.,  without  VGMCEl 
occurs  for  bypass  relay  contacts  in  position  1 . 


Bypass  relay  Note  1 


31 


Multiplier 


Summation 
and  unity 
gain 

buffer  amp 


Vrms^* 

J*NO 


To  roll  erection  amp 
-  (for  torquing  gyro 
about  pitch  axis) 


400  Hz  ref 


400  Hz  ret 
Vrms 


400  Hz  ref  I  Vrms 


Differentiator , 
amplifier,  and 
1st  order  LP  filter 


* 

W_ 

^  vs 
g 

Nonlinear 

400  Hz 

vs 

'g  ^PCrf?)  r 

Summation 
and  unity 

VDC  * 

gam 

VDC 

modulator 

Vrms  -'v' 

1  pI 

gain 

buffer  amp 

gipensation  electronics  (VGMCE) 
relay  contacts  are  in  position  2. 
il  gyro  (i.e.,  without  VGMCE) 
:acts  in  position  1. 


Dll 


N0^i™ — 

— 

I  1  Vrms 

\r - 

""311  Bypass  relay 
3  Note  1 


Vrms^*  ► 

To  pitch  erection  amp 
'  (for  torquing  gyro 
I  about  roll  axis) 

I 

I 

I 

_ I 


Fig.  18  Simplified  block  diagram  of  vertical  gyro  maneuver  compensation  electronics. 
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Signal 
scale  factor 

VG  roll  L  Im¬ 
pend  angle  (^Rad’l  R  Ivrms 

r  ,tan-iM,¥ 

R  '  g  /  9  Signal  > 


Ship's  (  • 

yawrate»  S3S 


Ship's  /  v 
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Signal  Adjust  gain 

scale  factor  amplifier 


Adjust 

gain 

amp 


k\ 
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L  VDC 
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E1  KM1X11Y11  £ 

— xli  — 

VDC  11  VDC 

Yli 


E2fVDC 


115  VAC 
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Isolation  phase  shifter  shift  amp.  Adjust  gain 
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Adjust  gai 
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Roll 
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Roll/pil 
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Differentiator 
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p.  . 

Xli 

Adjust  gain! 
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Notes: 

1 .  VGMCE  is  in  operation  when  bypass  relay  contacts 
are  in  position  2.  Normal  operation  of  VG  (i.e., 
without  VGMCE)  occurs  for  bypass  relay  contacts 
in  position  1. 

2.  Filter  time  constants  tj,t2  depend  on  response 
time  of  VG  being  used.  For  VG's  to  be  used, 
r1  =  r2  =  8  sec  or  27  sec. 
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Fig.  19  Instrumentation  diagram  for  vertical  gyro  maneuver  compensation  electronics. 
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Fig.  20  Input-output  characteristic  for  nonlinear  gain  amplifier  K 


Output,  Vrms 
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Fig.  21  Outputs  of  VGMCE  (-Eg)  and  SN193  vertical  gyro  roll  pendulum  transducer 
(Eqr  )  as  functions  of  pendulum  tilt  angle. 
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Appendix  A 

WAVE  PROFILING  SYSTEM  ELECTRONICS  SCHEMATICS, 
ASSEMBLY  DRAWINGS,  AND  PHOTOGRAPHS 


Board  No.  1 


Notes: 

1 .  O  denotes  pins  on  connector. 

2.  All  resistors:  MEA  metal-film  ±1%,  WO  ppm/°C  or  equivalent  unless  otherwise  noted. 

3.  All  capacitors:  Mica  ±10%  or  equivalent  unless  otherwise  noted. 

4.  These  resistors  should  have  temperature  coefficient  of  ±5  ppm/°C  or  better. 

5.  Select  to  yield  scale  factor  of  2.500  V/g  ±0.2%  with  all  loads  connected. 

6.  These  resistors  should  have  temperature  coefficient  of  ±25  ppm/°C  or  better. 

7.  Select  such  that  channel  resistances  R^,  Re,  Rf  match  within  ±0.2%  and  that  each  channel 
resistance  does  not  exceed  1 .01  M£2. 

8.  Select  Rc  such  that  Rc  =  0.25  Rjj  ±0.2%. 

9.  Select  R  and  adjust  P1  such  that  Eg  ^  ±0.5  MV  with  accelerometer  triad  Z  axis  vertical,  corre¬ 
sponding  to  0p  and  0R  set  to  0°,  and  with  P,  set  close  to  its  midposition. 

10.  Measure  EZ1  of  1N938B  @  l2  =  7.5  M A  and  record  value. 

11.  Measure  Ez2  of  1N4579  @  lz  =  2.0  MA  and  record  value. 

/  1 5  —  Ez i  \ 

1 2.  Select  Rt  such  that  Rt  =  I - - - I  K  S 2 . 

/  EZ1  "  eZ2 \ 

13.  Select  Rv  such  that  Rv  =  I  * - — - 1  K  J2. 

14.  Pins  1  and  11,8  and  9  are  connected  to  the  mode  select  switch  on  front  panel  and  shown  in 
operate  position. 

15.  This  resistor  should  have  a  temperature  coefficient  of  ±10  ppm/°C  or  better. 

16.  DAS  load  impedance  assumed  to  be  MS7. 


L 


Buffer  amplifier 


Summing  amplifier 


750  pF 


200  pF 


©  E£ 
Z  Accel,  input  O - • 

Note  4  1.5K< 


Notes  5,  15  R, 


|1K0Note16 


700K  Note  2 


LM108AHJ>  4  VW — O  Z  to  DAS 

8  1 .  _ —  \  7  0-5  V/g  Load  imped 

U/TJ  r^T  O.oi  pF  ]  ■=■  >1M  Rd 

?250K  p  |  |  |  1  0  1  meg 

1  Note-iR\/  11  ’1l  +  1R\/  p  Note  15  Note  7 

“8  —  cc  8.25K  Note  4 


-15V  15V  ret  +18 

©?  ®9 

— ii - u—\ 
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Qj)  .  e1  meg  HjQ  Philbrick 

j  V  sin  0 j  Ed  Gnd 
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Ea 
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rEc  Ed  Ee  Ef 
£_.  =  -700K  - +-•!-—+  — 

9  Rd  Re  Rf  Ra 


(^f-) Ey; 


For  Rd  =  Re  =  Rc  =  Rg  =  1  Megohm  nominally : 

Eg  =  -0.700[EC  +  Ed  +  Ee  +  Ef] 

@  DC:  (Ec  +  Ed  +  Ee)  = -Ef  nominally,  so  that:  E  =  0.0000  volts 


Note  7  I  ^ 

11. 3K  1  meg  ”  R  Note 

-AA/*V — VW >  9  /q\ 

Note  15  1  meg  m+ 1  g)  kZ2 

Note  7  - -VW -  *  O-  -  - 

Rf  Note  4  Ef  Note  10 

^  ^  604lTe^ 


Notes  2  and  13^Rt  1 

1  Mnoon  1 


1N938B, 


Stable 


Fig.  A1-1  Schematic,  Card  No.  1,  MCU  Z  , 
amplifier. 
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•  -  TC  10  ppm/°C 


11.3K 


-  221  - 


1N938B 


mmmmm 


typffwiswr  u*  '■*»  < 


Board  No.  17 


1.  denotes  pins  on  connector. 

2.  AM  resistors:  ME  A  metal  film  •  IV  100  ppm  C  or  equivalent  unless  otherwise  noted. 

3  All  capacitors  Mica  '  10%  or  equivalent  unless  otherwise  noted. 

4.  Adiust  P,  such  that  Eq2  ,s  ln  phase  or  180  out  of  phase  with  400  Hz  reference  ER2  ‘3 

5  Adiust  Pj  such  that  EQ5  -  0  MV  '  10  MV  with  E,  =  0.0  Vrms  and  ER  ,  =  8.00  VDC. 

6  Adjust  Pj  to  yield  overall  gain  ofl  0.0  V  rad  with  S,  -  S3  within  5  of  null. 


Tl  =  R1  R2ClC2 

2f  i  f  i  =  (R,  +  R2>c2 
r,  =  1 .988(10  3)  sec 
f ,  =  0.500 

f,  =  -  =  80.0  Hz 

'  27TT, 


To  14.7 
in  series 
Y  input 
multipli 
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Fig.  A2-3  MCU  synchro-to-DC  converter  (normalized). 
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Board  no.  3 


Notes: 

1 .  O  denotes  pins  on  connector. 

2.  All  resistors:  ME  A  metal  film  ±1%  100  ppm/°C  or  equivalent  unless  otherwise  noted. 

3.  All  capacitors:  Mica  ±10%  or  equivalent  unless  otherwise  noted. 

4.  Er  1  is  signal  proportional  to  average  rectified  value  of  1 1 5  Vrms  400  Hz  line. 

5.  Adjust  Pj  to  yield  ER  1  =  +8.00  VDC  ±0.080  VDC  when  line  voltage  is  exactly  1 15  Vrms. 

6.  ER1  is  signal  proportional  to  average  rectified  value  of  115  Vrms  400  Hz  line  (=E R ) 


To  400  H 
ref  XFM 
(UTC  H-5 


Adjust  P!  to 
yield  Er  t  =  8.00 
with  Er  line 
volt  set  at  1 15  Vr 
(Note  5) 


Notes: 
1.  E 


5.38  Vrms  100K 


I  wave  ref  gen 


1 


alue  detector 

2  Vrms/Vrms 
5  VDC  Vrms 


+8.00  VDC  to  dividers 
in  dp  and  0S  channels 
Note  6 


t  Note  5 


k2 


7 

7 


22S2+2f2T2  S+1 
2  ~  R-|  R2C-|  ^2 


2%2t2  R2^2  +  ^1  ^1  +  ^2  ~ 
r4 


t2  =  3.981  (10~2)  sec 
£2  =  0.500 
K2  =  2.00 
1 

f,  = - =  4.00  Hz 

2  2*t2 


Fig.  A3-1  Schematic  Card  No.  3,  MCU  400  Hz  square  wave  reference  generator  and 
normalizing  DC  reference  signal. 
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Board  No.  4 


Notes 

1.  O  denotes  pins  on  connector. 

2  All  resistors:  ME  A  metal  film  •  1%,  lOOppnv  C  or  equivalent  unless  otherwise  noted 

3  All  capacitors  Mica  '  10%  or  equivalent  unless  otherwise  noted. 

4  Wesco  Electronics  Type41MPC,  *5% ,  50  VDC  metallized,  hermetically  sealed 
polycarbonate  capacitor  Connect  case  to  signal  ground. 

E„> 

5.  Choose  such  that  gain  @  20  Hz  - - -  -  1 .359  *  0.002.  Actual  value  ( 169K I  required  is 

El 

shown  on  schematic.  Nominal  value  =  134K  il. 


Fig.  A4-2  Component  layout,  Card 
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E01  _  _ R2C1^ _ 

~17”  (R,C,S+  1)(R2C3S  +  1) 

E0i  _  4S _ 

6i  (4S  +  1)  (200(10~6)S  +  1] 

Board  no.  5 

Notes: 

1  O  denotes  pins  on  connector. 

2.  All  resistors:  ME  A  metal  film  t 1%,  100  ppm/  C  or  equivalent  unless  otherwise  noted. 

3.  All  capacitors:  Mica  M0%  or  equivalent  unless  otherwise  noted. 

4.  Wesco  Electronics:  Type  41  MPC,  *5%  tolerance,  50  VDC  metallized,  hermetically  sealed 
polycarbonate  capacitor.  Case  should  be  connected  to  signal  ground. 

5.  RjCj  product  should  be  4  s +1 .2  s,  assuming  R ,  and  C,  have  a  ±1%  and  ±5%  tolerance, 
respectively. 

6.  5  V  return  is  to  be  connected  to  power  ground.  Power  and  signal  grounds  should  be  connected 
at  one  point  only. 

Fig.  A5-1  Schematic, Card  No.5,  MCU  high-pass  filter. 


R,C,  =  4  sec 
'  R2C,  =  4  sec 
R2C3  =  40  psec 


<  *  »  *.  r 
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Board  No.  6 

Notes: 

1 .  O  denotes  pins  on  connector. 

2.  All  resistors:  MEA  metal  film  ±1%,  100  ppm/°C  or  equivalent,  unless  otherwise  noted. 

3.  All  capacitors:  Mica  ±10%  or  equivalent  unless  otherwise  noted. 

4.  Wesco  Electronics:  Type  41  MPC,  ±5%  tolerance,  50  VDC  metallized,  hermetically  sealed 
polycarbonate  capacitor.  Case  should  be  connected  to  signal  ground. 

5.  ^2^1  product  should  be  4  s  ±1.2S,  assuming  Ro  and  Ci  have  a  ±1%  and  ±5%  tolerance, 
respectively. 


6.  5  V  return  is  to  be  connected  to  power  ground.  Power  and  signal  grounds  should  be  connected 

at  one  point  only. 


Teledyne 
431 D-5 

“1  Relay  K, 

I 
I 
l 

._J 

1 

NC  I 


Eoi=  /M  r  i 

E,  '  Rt  _r2^i^  +  1 


Fig.  A6-1  Schematic, Card  No.  6,  MCU  low-pass  filter. 
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Board  No.  7 


Notes: 

1.  O  denotes  pins  on  connector. 

2.  All  resistors:  ME  A  metal  film  ±1%,  1 00  ppm/JC  or  equivalent  unless  otherwise  noted. 

3.  All  capacitors:  Mica  ±  10%  or  equivalent  unless  otherwise  noted. 

4.  Bourns  10  turn  trimpot.  WW 

5.  Adjust  P2  so  that  E0]  becomes  1.000  sin  [27r(  1 .000) t]  V  within  ±0.5%  when  altimeter 
measures  wave  hw  =  1.000  sin  [ 27t(  1 .000) t]  ft  with  no  vehicle  motion.  It  is  assumed  pot  P}  is 
adjusted  properly  before  this  adjustment  is  made. 

6.  Adjust  P3  so  that  EQ2  becomes  1.00  sin  [2it(1.0H]  V  within  ±0.5%  when  input  acceleration  to 
Z  is  Z  -  -1 .226  sin  (2rr(  1 .0) t ]  g  with  vehicle  at  0°  roll  and  pitch  angles. 

7.  Adjust  P,  to  null  output  EQ1  when  vehicle  motion  alone  in  steady  state  is  hv  where  hy  =  1.00 
sin  [27r(  1 ,0)t]  when  vehicle  is  at  0°  for  roll  and  pitch  angles.  This  assumes  altimeter  responds 
to  vehicle  motion  and  that  wave  motion  is  eliminated. 


To  output  of 
5  stage  filter  in 
accelerometer  path 

To  output  of  single  stage 
HP  filter  in  altimeter 
path 
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i  <n  in  ii  iii  mm 


-15  +15 


To  30  pF 


G  R  Y 


Y  To  30  pF 


5V 

+5V  ret 


/I  8  7^15 

|2  ioi  6|— 

k  4  y 


L^8^N+15 
2  101  6l_ 

V  4  y 


a  712D  a 
K2 

> NO  NO, 

Knc  Ncyi 


+  hQ  to  DAS 


- K 

hv  rate  (4) 


(+hv )  test  pt 


(+hQ)  TP 


Fig.  A7-2  Component  layout, Card  No.7,  MCU  system  output  signal  conditioning  and 
rms  converter. 
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(b) 

Fig.  A7-3  MCU  system  output  conditioner  and  rms  converter. 
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Board  No.  8 

Notes: 

1 .  O  denotes  pins  on  connector. 

2.  All  resistors:  ME  A  metal  film  ±1%,  ±100  ppm/°C  or  equivalent  unless  otherwise  noted. 

3.  All  capacitors:  Mica  ±10%  or  equivalent  unless  otherwise  noted. 

4.  Select  Re  such  that  Re  =  (7RC  -  R^)  ±5%. 

5.  Pins  6  and  7  are  connected  to  mode  select  switch  on  front  panel  and  shown  in  operate  positi 

6.  Pin  5  input  is  obtained  from  either  the  ^  (roll)  or  0  (pitch)  channels,  corresponding  to  the  Y 
X  accelerometer  channels,  respectively. 

7.  DAS  load  impedance  assumed  to  be  >\  M£2. 


Note  4 
.5  meg  200  K 

WV- - WV— i 

Rd  20  pF  R.n 


-15V 

"'5V  Eh  Note  7 

LM1Q8Ah^>_,,  ®  V(X)  to 

^-r8  '  vvv  DAS 

-E°  20  v  « 


48.7K 


51. IK 


Note  5 


ec  ©  @ 

1 1 08 A  H  >-  c  O^-  —  o— — - 


4T?01  0W\ 

pF  pF  I  Note  6  ^ 

Vo-4 — ||— « — ||_4-o+15V  14.7K> 

©  @  i 


bc  VDC 

—  =  +1.000  — - 
Eg  VDC 


-15V 

_L 

+  15V 

t 

Jy 

Y 

Intronics  7 

Com 

M311  ^ 

Multiplier 

^_Ec< 

Ee>  _  E‘  (t) 

E  n  = - =  - 

0  10  10 


To  summing  amp 


e»-7 


Fig.  A8-1  Schematic, Card  No. 8,  X,Y  accelerometer  scaling  coordinate 
conversion  and  DAS  buffer. 
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Board  No.  9 

Notes: 

1  denotes  pins  on  connector 

2.  All  resistors:  ME  A  metal  film  •  Vo.  100  ppm  C  or  equivalent  unless  otherwise  noted 

3.  All  capacitors:  Mica  •  10%  or  equivalent  unless  otherwise  noted 

4.  All  1  Mil  resistors  Metal  film  •  Vo,  50  ppm  C 

5.  Rj  and  R 1  .  metal  film  •  Vy  50  p|)m  C  Choose  R^  ( R1  )  such  that  a  change  m  altitude  of  10 
ft  causes  Eq3  (E^j ')  to  change  by  2.45  V  •  50  MV  with  P ?  ( P j  I  shorted  Then  for  a  10  ft 
change  in  altitude,  set  P,  (P,)  for  E q ( E q 3  >  Change  of  2  5  V  2  5  MV.  Value  shown  for 

R 1  ( R 1  ’)  is  based  on  altimeter  scale  factor  of  200  MV  ft. 

6  Bias  for  "0"  altitude'  should  be  25  ft 

7.  50K  resistor:  •1%  WW .  50  ppm  C  temperature  coefficient 

8  Choose  R?(R?  )  such  that  the  voltage  at  25  ft  position  of  front  panel  switch  is  6.25  V  ’50  MV. 
R^(R?  )  WW,  -  1 50  ppm  C  temperature  coefficient 

9  Bourns  20  turn  WW  trimpot  or  equivalent 


w 


it  lev-! 

13.6  it  28  7 K 

VA — 0  -15V 


To  ait  select 
■o  sw,  front  panel 
7  Eq3  Scale  factor 

-250  MV 'ft  -0.1% 


To  alt 


© 

To  alt  select 

r  ' 

sw,  front  panel 

C(J3 

Seal'’  factor 

-250  MV  ft  •  o.r« 

To  alt 


2  Offset  adjustment  amp 


filter  circuit 


filter  circuit 


Fig.  A9-1  Schematic, Card  No.  9,  MCU  altimeter  signal  conditioning. 
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Board  No.  1 0 

Notes: 

1.  O  denotes  pins  on  connector. 

2.  All  resistors:  Metal  film  ±1%,  RN60D  100  ppm/°C  or  equivalent  unless  otherwise  noted. 

3.  All  capacitors:  Mica  ±10%  or  equivalent  unless  otherwise  noted. 

4.  Tantalum  capacitors:  15  or  20  VDC  rating. 

5.  Includes  relays  on  following  schematics:  K1  and  K2  on  Fig.  A4-1 ;  K1  on  Fig.  A5-1 ;  K,  on 
A6-1 . 


6.  Includes  relay  on  following  schematics:  K,  and  K2  on  Fig.  A7-1 . 

7.  Metal  film  ±1%  RN65D,  %  W  rating,  100  ppm/°C. 


DCOA  reset  defeat  sw 
PB  sw 

I - o~^~9  NO  contacts 


DAS  output  disconnect  defeat  sw 
{PBsw 

-0  ^  NO  contacts 

-L  i 


ieset  (retrigger)  sw  lO-J 

ockpit  display  >o - ~~\ 

NO  contacts  I 


1  100S2 

6 - VW 

© 


+5  VDC  O— 

147K 

t - VW 

R, 


R2<825K 


+5  VDC 


1  0.01 

ipF 


+5  VDC 


eset  (retrigger)  sw  _ »o-J 

nt  panel  1  o- — 

NO  contacts 


-,£i. 


Note  4 . 
33  pF 


0.01  p  F 


100S2JL+  JL 
3.2.2  n F  C, 

—  Note  4 
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Note  7 


Discharge 

Trig 

Thresh 

Output 

Contr  volt  Reset 

Reset 

Contr  volt 

Output 

Thresh 

Trig 

Discharge 

Gnd 

Vcc 

— . — 

_ _ 

27  sec 

1 50  sec 

delay 

delay 

timer 

timer 

no.  1 

no.  2 

2N3735/ 

20<’ 

Q,t 

0.01  p  F 


‘909K  - 


+  To  reset 
relay  coils 
’  -  Note  5 


2N3735 


Front  panel 


Cockpit  display 


Fig,  A10-1  Schematic,  Card  No. 10,  MCU  reset  timing  and  control. 
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dri  100 


f  3735^ 

o  o 
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NO  NC 


Red  F  panel 
-Grn  F  panel 
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►Red  cockpit 
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o 

o 

Ol 

— * 

CO 

o 

Tl 

t; 

■fc 

~n 

J®  I® 

To  sw  5  To  sw  6 
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Fig.  A 10-2  Component  layout.  Card  No.10,  MCU  reset  timing  and  control. 
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Board  No.  1 1 


Notes: 

1 .  O  denotes  pins  on  connector. 

All  resistors:  ME  A  metal  film  ±1%,  100  ppm/°C  or  equivalent  unless  otherwise  noted. 
All  capacitors:  Mica  ±10%  or  equivalent  unless  otherwise  noted. 

Bourns  10  turn  trimpot  or  equivalent. 


On  i 

34  8K 

u.  i  /^b  volts/deg  o— VW 


To  output  of 
roll  synchro 
channel 


-06 


on  Fig.  A2-1) 


Calibrate  meter  scales  to  read  (-2°)  -  0  -  (+2°)  full  scale,  with  synchro  angle  set  at  2°  adjust 
P1  and  P2.  respectively,  to  yield  a  reading  of  2°  on  corresponding  meters. 


Scale  factor  /^\ 
0.1745  volts/deg 


n3 

34.8K 

O—WAr- 


1 


34 .8  K 


To  output  of 
pitch  synchro 
channel  | — *W\r-  J 

(EQ6  on  Fig.  A2-1 )  ^  J 


MCU  ship's  angular  motion  meter  drive. 
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Board  No.  1 2 


Notes: 

1 .  O  denotes  pins  on  connector. 

2.  All  resistors:  RN60D  metal  film,  ±1%,  ±100  ppm/°C,  or  equivalent,  unless  otherwise  noted. 

3.  All  capacitors:  Mica  ±10%,  or  equivalent,  unless  otherwise  noted. 

4.  Bourns  10  turn  cermet  trimpot  or  equivalent. 

5.  Adjust  P 1  to  yield  phase  of  ER  2  such  that  roll  and  pitch  pendulum  signals  are  180"  out  of 
phase  with  respective  correction  signals  being  summed  with  roll  and  pitch  pendulum  signals. 

6.  Adjust  ?2  suc^  that  ER  2  =  ^ -07  Vrms  ±  1%  with  reference  voltage  ER  1  at  115  Vrms. 

7.  Transformer  shown  for  reference  only.  Transformer  is  not  mounted  on  this  card  and  is  shown 
on  "Chassis  Wiring  Diagram,  Gyro  Compensation  Unit,"  Fig  B  2-1. 

8.  Use  GB  Microflat  Mylar  65F15AA234  0.22  MFD,  50  VDC  in  parallel  with  65F12AA473 
0.047  MFD,  50  VDC. 


1 


5 


|400  Hz 


Adjustable  phase  shift  amplifier 

E o l  1  ~  P1C2S  , 

Kg  = - =  - -  =  1.00  1-7  tan  1  (ojP !  C2 )  Vrms/Vrms 

E1  1  +  P.|  C2s  ^ - - 

©400  Hz:  Kg  =  1.00 /c>2,  u2  =  -2  tan'1  [2.003(  10-5)P1  ] 

For  0  '  P,  <  100K,  0  <a2  <  -127 

30  PF 


Adjustable  gain  amp. 


For  Kg  =  2.24,  P2  =  25.9K  Ohms 


Fig.  A 12-1  Schematic,  Card  Mo.  12,  GCU  400  Hz  reference. 
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Board  No.  13 

Notes: 

1.  O  denotes  pins  on  connector. 

2.  All  resistors:  RN60D  metal  film  ±1%,  ±100  ppm/  C  or  equivalent  unless  otherwise  noted. 

3.  All  capacitors:  Mica  ±10%  or  equivalent  unless  noted. 

4.  Bourns  10  turn  WW  trimpot  or  equivalent. 

5.  After  offset  adjustment  of  Note  9,  set  v  =  0.0  deg/sec,  Vs  =  100  knots,  and  ad|ust  P,  to  yield 
change  in  EQ4  =  0.000  ±0.005  VDC. 

6.  With  4i  =  +1 .00  deg/sec.  Vs  =  16.1  ft/sec,  set  P2  to  yield  change  in  DC  output  of  LP  filter 
block  (following  multiplier  IM  T|  =  +0. 123  VOC,  after  P4  has  been  set  per  Note  8  DC  g am 
adjustment  on  Kg  =  (E0,/E,)  =  0.84  to  1.53. 

7.  After  offset  adjustment  of  Note  9.  set  Vs  =  0.0  knots,  ip  =  10  deg/sec  and  adjust  P3  to  yield 
change  in  EQ4  =  0  000  1 0  005  VDC;  repeat  for  \ji  =  -  10  deg/sec  Pot  P3  should  be  set  to  valuf 
which  yields  equal  and  oppositechanges  inE04  when  0  is  changed  from  10  deg  sec  to  -10 
deg/sec. 

8.  With  V<j  =  100  knots,  set  P4  for  change  in  EQ3  =  10.00  ±  0.02  VDC.  DC  gain  adjust  on 


Kb=- 


^03 


=  0.75  to  1.25 


9.  With  EQ2  and  EQ3  at  0.00  V  adjust  P£  to  yield  EQ4  =  0.000  V  ±5  MV  If  DC  offset  at  output 
of  (Kj/frjS+lll  LP  filter  is  significant,  P5  should  be  adjusted  to  null  Its  output  within 
±2.5  MV. 

10.  GE  flat  mylar,  50  VDC  or  equivalent,  1 10%. 

11.  Ceramic,  50  VDC,  ±20%. 

12  CP05A1KB474K3,  100  VDC.  MIL  C  25C  paper  capacitor  in  metal  case,  or  equivalent. 

13.  Bourns  10  turn  trimpot,  cermet,  or  equivalent. 


K  =  — — -  =  (--U 

3  E,  \R,  ±  R 7) 
t  =  (  \  r 

3  \r3*P2  +  rJ 


(nota 
7.321 
r  1 5  V  O - VI 

51 


Scale  factor. 

Kg  =  1.00  VDC/ldeg/sec) 
=  57.3  VDC/(rad/secl 
lylmaxll  f  10  deg/ sec 


•  O 


(notes 6,  8)  1 


2  J 

500K 
(notes  6 
DCoffa 

3.481 
H5VO— -Vi 

51 


Scale  factor: 

Kl  =  0.0592  VDC  (ft/sec)  i 
=  0.100  VDC/knot 

lVs(max)|  =  100  knots  | 
=  168.8  ft/sec 
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s  o— 

(notes  6,  8)  E-, 


- 

'  h  ‘  \n~4 

”  \R9  +  P4+1 


8  anti  13) 
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-15V  E 


03 


MO 


*9  +  P4j 


rdSt1 

reSH 


1.00 


374K 
249K  +  P 


4  J 


rri  1 

7eS*l 


“  R10C3;  Kb,noml  =  1  00 


0.00505  S+  1 
0.0101S+1 


Fifl.  A13-1  Schematic, Card  No.  13,  GCU  Vg  and  signal  conditioner. 
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Board  No.  14 


Notes: 

1.  O  denotes  pins  on  connector. 

2.  All  resistors:  RN60D  metal  film  1 1%,  ±100  ppm/°C  or  equivalent  unless  otherwise  noted. 

3.  All  capacitors:  Mica  ±  10%  or  equivalent  unless  otherwise  noted. 

4.  Bourns  10  turn  cermet  trimpot.  Pot  setting  should  be  such  that  output  of  amplifier  that  sums 
roll  pendulum  signal  with  Vs  y  channel  signal  goes  to  null  for  tilt  angles  less  than  0.5  '  in 
magnitude. 

5.  Trim  valve  to  yield  -123  MV  between  node  (A)  and  gnd,  nominal  value  =  665S2. 

6.  Trim  valve  to  yield  +123  MV  between  node  (b)  and  gnd,  nominal  value  =  665fi. 

7.  Make  up  valur  using  GE  Microflat  Mylar  65F 15AA  and  65F16AA  *  10%  capacitors,  50  VDC. 
Parallel  (2)  0.33  MFD  and  (1)  0.15  MFD  and  trim  to  0.8C  MFD  ’1%. 

8.  Make  up  value  using  Sprague  1 2 1 D  capacitors.  Parallel  2.0  MFD  and  0.68  MFD  and  trim  to 
2.70  MFD  *  1%. 

9.  Caddock  ML181 ,  1  1%,  *  100  ppm/  C. 

10.  Caddock  MM215,  ’1%,  *100  ppm/ C. 

1 1 .  Ceramic,  50  VDC. 

12.  RN65D  metal  film,  *1%,  *  100  ppm/  C  or  equivalent. 


/  K2  \  =foj 
\T1  S+1  /  "^1 


r  1  R2C1;  C1  4 

C,  =  0.8  MFD,t] 
C1  =  2.7  MFD,-t| 


1 


From  Vs  y  sig 
conditioner 

Card  no.  13 


j 

i 


13.  GE  Microflat  Mylar,  50  VDC,  *10%. 


l 

Non-linear  gain  amplifier  (limiter) 

|lP  filter 

Adjustable  gain  amplifier 
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Fig.  A14-1  Schematic,  Card  No.14,  GCU  gyro  pend 


l\lon-linear  gain  amplifier  (limiter) 


Adjustable  gain  amplifier 
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Fig.  A14-1  Schematic,  Card  No. 14,  GCU  gyro  pendulum  simulator  roll  channel. 


50K 


To30pF  +15V 


- ►To  sw  3  front  panel 

(§)  (roll-pitch) 
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To  Vs  i/'  channel 


Fig.  A14-2  Component  layout,  Card  No.14,  GCU  gyro  pendulum  simulator 
roll  channel. 
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Board  No.  1 5 


Notes: 

1.  O  denotes  pins  on  connector. 

2.  All  resistors:  RN60D  metal  film  ±1%,  ±100  ppm/°C  or  equivalent  unless  otherwise  noted. 

3.  All  capacitors:  Mica  ±10%  or  equivalent  unless  otherwise  noted. 

4.  Bourns  10  turn  trimpot.  Pot  setting  should  be  such  that  output  of  amplifier  that  sums  pitch- 
pendulum  signal  with  Vs  channel  signal  goes  to  null  for  tilt  angle  less  than  0.5°  in  magnitude. 


5. 

6. 

7. 

8 

9. 

10. 

11. 

12. 


la 


Nominal  values  of  R2a  and  R2b  shown.  Trim  R2b  such  that  R2b  =  R2g - within  ±0.5%. 


"1  b 


Make  up  value  using  GE  Microflat  Mylar  65F15AA  and  65F16AA  ±10%  capacitors,  50  VDC. 
Parallel  (2)  0.33  MTD  and  (1)  0.15  MFO  capacitors  and  trim  to  0.80  MFD  ±1%. 

Make  up  value  using  Sprague  121D  capacitors.  Parallel  2.0  MFD  and  0.68  MFD  and  trim  to 


2.70  MFD  ±1%. 

GE  Microflat  Mylar  65F 16AA  ±10%  capacitor,  50  VDC,  or  equivalent. 

Trim  value  to  yield  -123  MV  between  Node  ■’A)  and  gnd  .  Nominal  value  =  665S2. 
Trim  value  to  yield  +123  MV  between  Node  (b)  and  gnd.  Nominal  value  =  66512 . 
Caddock  MM2 15,  ±1%,  ±100  ppm/°C. 

Caddock  ML181,  ±1%,  ±100  ppm/°C. 
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Fig.  A15-1  Schema 
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To  30  pF  +15V 
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Fig.  A15-2  Component  layout.  Card  No.15,  GCU  gyro  pendulum  simulator 
pitch  channel. 


-  297  - 


Front  panel 


Board  No.  16 


1 .  O  denotes  pins  on  connector. 

2.  All  resistors:  RN60D  metal  film  ±1%,  tlOO  ppm/°C  or  equivalent  unless  otherwise  noted. 

3.  All  capacitors:  Mica  ±10%  or  equivalent  unless  otherwise  noted. 

4.  Calibrate  tilt  angle  meter  to  read  (-2°)  -  0  -  (+2°)  full  scale.  With  roll  or  pitch  pendulum 
angle  set  to  0.5°,  adjust  P,  for  meter  reading  of  0.5°  ±0.01°.  Nominal  setting  of  P,  is  *  10K 
ohms  corresponding  to  roll  and  pitch  pendulum  output  scale  factors  of  10.0  Vrms/rad  -  (0.175 
Vrms/deg  =  0.2475  V  pk/deg). 

5.  With  E,  at  0.0  V  adjust  P3  such  that  E01  yields  0.0  MV  ±10  MV. 

6.  With  E  2  at  0.0  V  adjust  P2  such  that  E02  yields  0.0  MV  ±10  MV. 

7.  Bourns  10  turn  trimpot  or  equivalent.  For  nulling  DC  output  at  nodes  E01  and  Eq2. 

8.  Wesco  10  MFD,  50  VDC  type  32  MPC,  ±10%.  Polycarbonate  capacitor  or  equivalent. 

9.  Amp  model  53451  1  dual  DPDT  relay  in  DIP  package. 


400  Hz  modulator 
E01  =  KM2E1  ER2 
KM2  =  0.100  Vrms/(VDC  >  Vrms) 


(Vsv>  channel 

To  gyro  pend.  sim. 
roll  channel 

To  Vsi|V  test  pt 


AD534< 
1  C  ; 
Multipli 
M, 


(Vs/g)  channel 

To  gyro  pend  sim 
pitch  channel 


To  Vstest  pt 


To  400  Hz  ref 
7.07  Vrms 


io  ~vs 

—  X, 

1  V 


AD534i 
1  C 

Multipli 

M, 


400  Hz  modulat 
E02  =  KM3E2ER2 

KM3  =  0.100  Vrms'lV 
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r 
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Roll 

error 


Pitch  p end 
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Fig.  A16-2  Component  layout.  Card  No.16,  GCU  simulator  pendulum-400  Hz 
modulator  maneuver  compensation  amplifier. 
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Board  No.  1  7 


1  liunot'-s  urns  on  connector 

2  AH  resistors  ME  A  metal  film  •  In.  100  ppm  C  or  equivalent  unless  otherwtse  noted. 

3  AH  capacitors  Mica  10'V  or  equivalent  unless  otherwise  noted. 

4  Trim  R  ,  to  yi»*iij  E()1  8  V  P  P  test  frequency  fQ  {-2.00  Hz).  Value  of  R3  shown  was  that 
actually  uS**d  m  circuit 

b  Tins  vvas  actual  vaiu>*  measured  with  load  attached. 


V 


2nd  order  L.P  filter 


Integrator: 


E01  1 
E02  r,2  +  2ti1r1S-'  I 


r,2  R,  C2 
2$,r,  -■  IR,  ♦  R2)C2 


1 

R3C3S 


1000  pF 


btion  frequency. 
Is2+  1  =  0,  or  fg 
.«  0.0810  sec,  fg 


1 

2i rr, 

=  1.965  Hz 


-  0.500 


for  nominal  component  values 


Fig.  A17-1  Schematic,  Card  No.  17,  MCU  system  test  reference  generator. 
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Appendix  B 

WAVE  PROFILING  SYSTEM  ELECTRONIC 
UNIT  CHASSIS  WIRING  DIAGRAMS 
AND  PHOTOGRAPHS 
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Body-mounted 


accelerometer  u  _  -x  sin  9  .  y  sin  0  +  z  *  "  headi"9 

tnad  "  2  +  2  0  =  pitch 


hv  -  vehicle  motion  (f  >  0.1  Hz) 
hw-  wave  height  (profile) 

©  h0  +  hw  represents  height  as  a  factor  of 
time  (not  as  a  factor  of  displacement) 

Fig.  B1-1  Block  diagram  of  wave  profiling  system. 
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motion  compensation 
electronics  rack 
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Fig.  B1-4  Cabling  diagram  for  SES-100A  motion  compensation  rack. 
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P2 

MCU  end 


- - 50  ft - - 

MS-31 16F-16-26S 

All  conductors  #22  with  Teflon  insulation  (twisted  shielded  pairs) 
All  shields  tied  down  at  MCU  end  of  cable  only 

Fig.  B1-5  MCU/DAS  cable  diagram. 


-Collins  altimeter  signal - 
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GCU  end 


P8 


Inputs 

from 

DAS 


MS-31 16F-14-5S 

All  conductors  No.  22  twisted  shielded  pairs 
All  shields  tied  at  GCU  end  of  cable  only 

Fig.  B1-6  GCU/DAS  cable  diagram. 
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MS-31 16-1 4- 12S 

- +15  VDC 

—  ♦IS  ret. 

- -15  VDC 

- +5  VDC 

- 5  V  ret. 

- 115  V-400  Hz  low 

- 115  V-400  Hz  high 


- 115  V-400  Hz  low  switched 

115  V-400  Hz  high  switched 
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Fig.  B1-7  MCU/GCU  cable  diagram. 
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Fig.  B1-8  MCU/GCU  cable  diagram. 
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Fig.  B1-9  GCU/CDU  cable  wiring  diagram. 
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Fig.  Bl-tO  MCU/BAU  cable  wiring  diagram. 
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Fig.  B2-5  Rear  view  of  MCU  showing  connectors. 


Fig.  B3-1  Vertical  gyro  maneuver  compensation,  block  diagram. 
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Fig.  B3-3  Front  pane)  of  GCU 
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Fig.  B3-6  Rear  view  of  GCU 


THE  JOHNS  HOPKINS  UNIVERSITY 

applied  physics  laboratory 

LAUREL  MARYLAND 


Appendix  C 

BOW  ACCELEROMETER  UNIT  WIRING 
DIAGRAM,  PHOTOGRAPHS,  AND 
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Case  gnd. 


1.  BAU  chassis  floating. 

2.  Accelerometer  cases 
isolated  from  BAU 
chassis  and  connected 
to  ±15  V  ret.  in  MCU. 

3.  Sundstrand  Data 
Control  Accelerometers. 
Model  QA  1200  AA08 


Fig.  C1-1  BAU  wiring  diagram. 
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mounting 

surface 


1/4  x  28 

Drilled  and  tapped 
4  places 


Bow  boom 
6"  x  6"  (alum 
(top  view) 


Vertical  gyro 
mounting  surface 
in  rear  of  DAS 


♦  Fwd 

I  Reference 

4" - ►)  bench  mark 

+  2"  1/  J 


Accelerometer 
and  antenna 
foreward 
reference 
location 

© 


- 6" - 

Side  view 


Two  shaded 
surfaces  parallel 
to  <  1° 


Reference 
bench  marks 


4.25"  dia. 


5/16  -  18  UNC-2B 
0.375  min.  deep 
3  holes  located  as 
shown  an  4.250  in.  dia. 


0  Note:  Fore-aft  center  of  the  two  altimeter  antennas  (Tx  and  rcvr) 
should  be  located  at  the  reference  distance. 


Fig.  C1-4  BAU  installation  details. 
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Section  I 
DESCRIPTION 


1.1  INTRODUCTION 

This  manual  contains  information  concerning  the 

QA-I200  series  Q-FLEX  Accelerometers  which  are  manufactured 

by  Sundstrand  Data  Control  Incorporated,  Redmond,  Washington  98052. 

These  accelerometers  are  a  unique  design  combining  the  state-o f-thp-ar t 
electronics,  using  hybrid  circuits  manufactured  at  Sundstrand  with  quality 
features  of  the  quartz  flexure:  No  pivot  and  jewels  to  wear  out,  no 
preload  error  (stiction) ,  very  little  hysteresis,  no  metal  flexure  to 
bend  and  give  bias  shifts  due  to  non-operat ional  shock,  a  dither  voltage 
is  not  required  for  measurements  around  0-g_  acceleration.  These 
accelerometers  are  environmentally  sealed,  lightweight,  compact  servo 
devices,  designed  to  perform  low-g,  low  frequency  applications  such  as: 
platform  leveling,  platform  inclination,  drill  steering,  oil  well  down¬ 
hole  measurements,  horizontal  mining  operations,  or  on  equipment  such  as: 
manned  spacecraft,  aircraft,  missiles,  and  undersea  vehicles. 

The  accelerometers  will  operate  from  4  wires,  however,  each  have 
additional  features  that  might  be  utilized.  Model  QA-1000  accelerometers 
employ  a  6  pin  integral  connector,  wnile  the  QA-1100  accelerometers  have 
a  6  pin  header,  the  QA-1200  and  QA-1300  have  a  10  pin  header.  The 
electronics  are  power  isolated  from  case  ground. 

The  Q-FLEX  series  part  number  is  a  characteristic  description  of  the 
capabilities  (refer  to  the  "How  to  Order"  section  of  the  0-FLEX  product 
brochure) .  Several  models  do  not  have  an  internal  load  resistor  and 
are  intended  for  current  operation.  An  external  load  resistor  Rj  must  be 
provided  for  these  models.  (Refer  to  the  product  brochure  for  model 
numbers.)  The  schematic  references  for  the  QA-1000  and  QA-1100  show 
only  the  internal  load  resistor,  the  -02  or  -12  models  must  have  an 
external  load  resistor,  as  with  QA-1200  and  QA-1300. 


Figure  1-1.  Model  QA-1000,  QA-1100,  QA-1200  and  QA-1300  Q-FLEX 

Accelerometers 
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1.2  SPECIFICATIONS  AND  CHARACTERISTICS 

Specifications,  physical  character istcs  and  ordering  information  are 
contained  in  the  data  sheet  located  in  the  back  of  this  manual.  All 
dimensions  in  this  manual  are  in  the  English  standard  system,  inches, 
followed  by  International  units  (mm)  in  parenthesis. 

1.3  DEFINITIONS 

A.  PICKOFF.  A  device  which  produces  a  signal  output,  generally  a 
voltage,  as  a  function  of  the  relative  linear  or  angular  displace¬ 
ment  between  two  elements. 

B.  PROOF  MASS  (SEISMIC  MASS) .  The  effective  mass  whose  inertia 
transforms  an  acceleration  along  or  about  an  input  axis  into  a 
force  or  torque.  The  effective  mass  takes  into  consideration  the 
contributing  parts  of  the  suspension. 

C.  ZERO  UNBALANCE .  An  accelerometer  output,  other  than  zero,  when  no 
acceleration  is  applied. 

1)1  SENSOR.  A  device  that  receives  and  responds  to  a  sipnal  or  stimulus. 

E.  MICRO-ELECTRONIC  RESTORER.  An  electronic  circuit  made  of  minute 
electronic  parts  and  used  to  restore  the  accelerometer  proof  mass 
to  the  quiescent  position  during  acceleration  measurement. 

F.  INERTIAL  REACTIVE  FORCES.  Movement  of  the  proof  mass  in  response 
to  accelerated  movement.  (Actual  displacement  is  minute  due  to  the 
torque  coil  rebalance  current). 

1.4  GENERAL  FUNCTIONAL  DESCRIPTION 

The  basic  electro-mechanical  operation,  depicted  in  Figure  1-2  is  a 
linear  single  axis  electro-mechanical  device  for  measuring  acceleration. 
The  operation  is  based  on  movement  of  the  proof  mass  during  acceleration, 
the  pick-off  sensing  the  displacement  of  the  mass,  and  the  servo 
amplifier  developing  a  rebalance  current  through  the  torque  coil.  The 
rebalance  current  then  becomes  a  factor  of  acceleration  proportional 
to  acceleration.  As  more  acceleration  is  applied  to  the  accelerometer 
the  assembly  will  maintain  the  proof  mass  position  and  the  rebalance 
current  will  increase  with  increased  acceleration  until  the  acceleration 
limit  is  reached. 
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Figure  1-2  Eyestone-Wilson  Sensor 

The  sensor  consists  of  the  following  key  elements: 

A.  A  proof  mass,  pendulously  supported  and  ideally  constrained  so  as  to 
allow  only  one  degree  of  freedom  about  a  well-defined  axis  fixed 
within  the  sensor. 

B.  A  pickoff  that  can  sense  extremely  small  displacements  of  the  proof 
mass . 

C.  A  torquer,  which  is  a  coil  positioned  within  a  permanent  magnetic 
field  and  attached  to  the  proof  mass,  allowing  force  to  be  applied 
to  the  proof  mass  in  response  to  a  current  passed  through  the  coil. 

D.  A  restorer  circuit,  or  servo,  that  causes  an  electrical  current  to 
flow  through  the  torquer  coil  in  response  to  a  pickoff  signal.  The 
resulting  electromagnetic  force  balances  the  inertial  reactive 
forces.  In  this  manner  the  current  passing  through  the  torquer 
becomes  an  extremely  accurate  measure  of  the  acceleration. 

4.1  Sensor  Construction.  Tn  the  Q-FLEX  design  the  proof  mass  is  highly 

compliant  in  only  one  direction  and  at  the  same  time  it  is  free  of  the 
friction  effects  associated  with  jewel  pivots  and  bearings.  Yet  it  is 
without  the  hysteresis,  instability,  and  fatigue  associated  with  metal 
flexures.  This  is  because  the  flexure  and  proof  mass  are  formed  from 
a  single  blank  of  specially-processed  quartz,  as  shown  in  Figure  1-3. 

A  slot  is  cut  in  the  blank  in  such  a  manner  as  to  form  an  annular 
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section  and  central  disc  connected  by  a  narrc./  oridge.  The  central 
disc  serves  as  part  of  the  proof  mass,  the  bridge  as  a  flexure,  and 
the  annular  section  as  the  flexure  support.  The  bridge  section  is 
chemically  milled  in  order  to  form  the  flexure.  A  portion  of  the 
central  disc  is  made  conductive  by  vacuum  vapor-depositing  metallic 
films  to  provide  electrical  surfaces,  as  required  for  the  capacitance 
pickoff.  Conducting  leads  for  the  pickoff  signals  and  the  torquer 
coi]  drive  current  are  formed  across  the  flexure  by  similarly  vacuum- 
vapor-depositing  metallic  films.  Finally,  attaching  the  torquer 
coils  onto  the  central  disc  completes  the  proof  mass,  flexure,  and 
flexure  support  sub-assembly.  This  sub-assembly  is  then  clamped 
between  the  magnet  structures.  The  magnet  structures  hold  the  magnets 
in  proper  position  and  keep  the  proof  mass  assembly  from  moving. 

The  balanced  capacitance  bridge  pickoff  is  formed  by  the  small  gaps 
between  the  metallized  portion  of  the  quartz  proof  mass  and  the  fixed 
reference  plates  in  the  magnet  structure. 

The  small,  precise  gap  between  the  magnet  housings  and  the  proof 
mass  assembly  also  provides  damping  through  gauss  motion.  A  high  level 
of  damping  is  achieved  without  the  use  of  liquids. 


PICKOFF  AND 
DAMPING  GAPS 

PICKOFF  PLATE 


PROOF  MASS 
SUB  ASSEMBLT 


UPPER  MAGNET  STRUCTURE 


TORQUER  COIL 


FLEXURE 


THIN  FILM  PICKOFF 
AND  TORQUER  LEADS 

FLEX  LEADS 
LEAD  SUPPORT 
POSTS 


LOWER  MAGNET 
STRUCTURE 


SENSOR  ELECTRONIC 
'  CONNECTOR 


Figure  1-3.  Q-KI.KX  Sensor  Assembly,  Exploded  View. 
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1.4.2  Restorer  Electronics.  Figure  1-4  is  a  block  diagram  of  the  accelerometer 
servo  system. 


Figure  1-4.  Q-FLEX  Accelerometer,  Block  Diagram. 

A.  The  Pickoff  develops  a  voltage  proportional  to  the  proof  mass 
displacement . 

B.  The  Compensation  network  circuit  shapes  the  servo  frequency 
response  for  optimum  stiffness  and  stability. 

C.  The  Servo  Amplifier  drives  the  restoring  current  through  the  torquer. 
This  current  is  sensed  across  range  resistor  R^  and  in  turn  this 
voltage  is  the  accelerometer  output. 

D.  The  Feedback  Network  sets  the  gain  of  the  servo  amplifier  and 
provides  negative  feedback  to  the  compensation  network. 

E.  R^  may  be  either  internal  or  external  and  depending  upon  model 
number  is  typically  250  to  3.8K  ohms,  internal  value.  The  external 
R-L  used  with  QA-1200  or  QA-1300  can  be  0  to  20  megohms.  Rg  used 
with  QA-1000  or  QA-1100  external  R^  models,  can  be  150  to  15K  ohms. 
The  output  sensitivity  is  proportional  to  the  R^  value,  selection  is 
discussed  in  paragraph  3.5, 

F.  +  10VDC  Regulated  Output  power  is  available  as  an  output  from  the 
QA-1200  or  QA-1300  for  supplying  power  to  an  operational  amplifier 
or  biasing  circuit  (5mA  maximum)  (See  paragraph  3.6. 
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1.5  AVAILABLE  FEATURES 


1.5.3  QA-1200  and  QA-1300 

-  10  Pin  Header 

-  Environmental  Seal  (not  welded) 

-  Servo  Self-Test 

and 

-  Current  Torque  Self-Test 

-  *  10VDC  Output 

-  *  13VDC  to  ±  28VDC  Operation 

-  No  Internal  Load  Resistor 

-  Output  Short  Circuit  Protected  (will  operate  even  on  a 
short  circuit) 
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Section  II 
INSTALLATION 

2.1  MOUNTING,  PROVISIONS  AND  PRECAUTIONS 

2.1.1  Standard  Mounting.  The  accelerometer  should  be  mounted  directly  to 
the  mounting  surface,  flatness  0.0001  in/ in  (0.001  mm/cm),  using  the 
central  flange,  with  4-40  socket  head  screws.  Torque  the  screws  to 
3.0  in/lb  (3500  gm/cm)  per  screw  in  1.0  in/lb  (1200  gm/cm)  increments 
using  sequence  as  indicated  by  in  figure  2-1.  The  sensitive 

axis  will  be  normal  to  the  mounting  surface  within  six  minutes  of  arc. 


DRILL  AND  TAP  FOR 
4-40  SOCKET  HEAD 
SCREWS  4  PLACES- 


0.884 

(22.45) 


1 


L  0.884  J 
(22.45)  1 


■CAVITY  TO  CLEAR  PROJECTION 
1.00  (25.40)  DIA  X  0.710  (18.03) 
FOR  QA1000,' QA1100>  QA1200 
0.500  (12.70)  FOR  QA1300 


Figure  2-1.  Model  QA-1000  Accelerometer,  Mounting  Diagram. 

(Also  applies  to  QA-1100,  QA-1200  and  QA-1300) 

CAUTION:  USE  CARE  NOT  TO  IMPACT  INSTALLATION  TOOLS  ON  THE  ACCELEROMETER, 
SHOCKS  OF  SEVERAL  THOUSAND  &'S  CAN  BE  IMPARTED  TO  THE 
ACCELEROMETER  FROM  THE  IMPACT  OF  A  METAL  WRENCH  ON  THE  CASE. 
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2.1.2  Mounting  Adaptors,  Mounting  adapters,  shown  in  the  product  brochure 
at  the  back  of  this  manual,  allow  alternate  mounting  configurations. 

These  mounting  adapters  can  be  used  to  mount  the  Q-FLEX  accelerometers. 
The  triax  accelerometer  mounting  bracket  is  made  such  that  three  (3) 
accelerometers  can  be  mounted  with  the  sensitive  axes  90°  apart 
horizontal  and  vertical. 

2.1.3  Mounting  Precautions.  Clamping  the  accelerometer  to  a  surface  which 
is  not  flat  within  0.0001  in/ in  (0.001  mm/cm)  will  cause  misalignment 
of  the  accelerometer  and  can  permanently  deform  the  flange. 

Mount  the  accelerometer  by  screwing  or  clamping  the  flange  of  the 
accelerometer . 

DO  NOT  CLAMP  AROUND  THE  CYLINDRICAL  CASE. 

Electrical  cables  to  the  accelerometer  should  be  carefully  supported 
to  prevent  any  strain  on  connections. 

2.2  ELECTRICAL 

2.2.1  Generally  the  QA-1000,  QA-1100,  QA-1200  and  QA-1300  accelerometers  are 
designed  to  operate  within  t  13V  to  t  28  VDC  power  source.  When 
operating  the  accelerometer  at  t  21  VDC  derate  the  operating 
temperature  range  to  100°C.  When  operating  the  acceleromter  at  ±  28VDC 
derate  the  operating  temperature  to  75°C.  The  quiescent  current 
required  is  approximately  12  ma.  An  additional  1.33  ±  10%  ma  per  £ 
of  acceleration  input  (3.33  ±  10%  for  the  QA-1300)  is  required.  The 
wiring  configuration  is  shown  in  Figure  2-2.  Note  the  difference  in 
pin  usage  by  model  number.  The  output  signal  is  developed  across  load 
resistor  R^.  Signal  return  and  power  return  are  connected  internally. 
Ground  loop  interference  can  result  when  a  single  wire  is  used  for 
power  return  and  signal  return  in  a  long  wire  system.  This  is 
most  prominent  when  using  the  internal  load  resistor  models  OA-1000  or 
QA-1100.  A  solution  is  to  provide  separate  wires  for  power  and  signal 
return.  When  using  the  external  load  resistor  models  the  single 
wire  power  and  signal  return  does  not  cause  as  much  interference 
when  the  load  resistor  is  at  the  end  of  the  wire  away  from  the 
accelerometer  since  the  torquer  current  also  flows  through  R^.  If  an 
external  load  resistor  is  connected  at  the  accelerometer,  the  same  two 
wire  precautions  should  be  used  as  with  the  internal  load  resistor  models. 
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QA1200/QA1300 


Figure  2-2.  Electrical  Connections,  Models  QA-1000,  QA-1100,  QA-1200 
and  QA-1300. 

2.3  CONNECTORS  AND  CABLES 

2.3.1  Connectors .  Model  QA-1000  is  equipped  with  an  integral  miniature  6  pin 
connector;  it  is  supplied  with  the  Model  CA116-15-30;  a  6  conductor, 

30  in^.h,  shielded  cable  with  a  mating  connector.  Longer  cables  are 
available  to  order.  See  Figure  2-2  for  color  code. 

2.3.2  Cables.  Multiconductor  cable  can  be  used  to  connect  Model  QA-1100, 
QA-1200,  or  QA-1300.  Refer  to  the  "Cables  and  Adapters  Product 
Brochure"  at  the  back  of  this  manual. 
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SECTION  IV 

CALIBRATION  AND  SERVICE 


4.1  CALIBRATION 

4.1.1  Factory  Calibration 

Every  unit  is  tested,  at  various  stages  of  assembly  and  as  part  of 
Sundstrand' s  QA  procedure.  The  specific  calibration  sheet  is 
included  with  each  accelerometer.  Replacement  calibration  sheets 
can  be  obtained  from  the  permanent  factory  files. 

Factory  recalibration,  performed  against  standards  traceable  to 
the  National  Bureau  of  Standards,  is  available  at  nominal  charge. 

This  recalibration  service  is  the  ideal  solution  to  the  user's  need 
for  routine  periodic  certified  calibration. 

4.1.2  User  Testing  and  Calibration 

The  user  may  perform  simple  tests  to  assure  that  an  accelerometer 
has  not  sustained  damage  in  shipment  or  in  subsequent  use.  Such 
tests  also  serve  to  isolate  and  identify  faults,  expediting  factory 
repairs.  The  user  may  perform  relative  calibration  by  using  the 
Earth's  nominal  one-g  field. 

4. 1.2.1  Electrical  faults  most  frequently  are  revealed  by: 

a.  Drastic  change  in  current  supplied  to  accelerometer; 

b.  Full  scale  output; 

c.  Increased  noise  at  oscillator  frequencies  (=  500K  Hz) ; 

d.  Change  in  voltage  sensitivity  of  output  (without  current 
sensitivity  change); 

e.  Drastic  change  in  frequency  response. 

Accordingly,  current  supplied  to  the  accelerometer  should  be 
monitored  during  any  tests  and  conditions  causing  any  change  should 
be  evaluated. 

4. 1.2.2  Mechanical  faults  are  usually  indicated  by: 

a.  Change  in  zero-£  output  of  the  unit; 

b.  Loss  of  output; 

c.  Constant  output  despite  change  in  acceleration  input; 

d.  Nonrepeatable  zero-g  output; 

e.  Limiting  of  range  (always  accompanies  change  in  zero-g  output) ; 

f.  Change  in  current  sensitivity  (always  appears  as  a  change  in 
voltage  sensitivity); 

g.  Drastic  change  in  frequency  response. 
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4. 1.2.3  The  cal  ibrat ion/ tests  recommended  are: 

a.  Static  calibration  (para.  4.1.3); 

b.  Scale  Factor  measurement  (para.  4.1.6); 

c.  Bias  Calculation  (para.  4.1.7); 

d.  Repeatability  tests  (para.  4.1.8); 

e.  Elevated  temperature  test  (para.  4.1.9); 

1.  Lowered-temperature  test  (para.  4.1.10); 

g.  Transverse-sensitivity  tests  (para.  4.1.11); 

h.  Frequency-response  test  (para.  4.1.12); 

i.  Noise  test  (para.  4.1.13) 

4.1.3  Static  Calibration 


Static  calibration  is  accomplished  by  using  the  Earth's  gravity 
vector  as  the  input  and  aligning  the  accelerometer's  sensitive 
axis  with  this  field. 

NOTE :  This  relative  calibration  is  accurate  for  subsequent  work 
at  the  site  where  the  calibration  is  performed,  but  high- 
trajectory  or  long-distance  work  will  require  correction 
factors:  consult  Sundstrand  Engineering  in  each  such 

specific  case. 

This  procedure  requires  a  precision  voltmeter  with  accuracy  of  0.01 
percent,  a  mounting  surface  that  can  be  leveled  to  1/4  degree,  and 
an  accurate  mounting  bracket  that  can  be  inverted.  Refer  to 
Figure  4-1  and  proceed  as  follows: 

a.  Set  up  the  accelerometer  as  shown  in  Figure  4-1  and  connect 
as  described  by  Figure  2-2.  Connect  the  output  signal  to  the 
voltmeter. 

b.  Mount  the  accelerometer  with  the  sensitive  axis  vertical  in 
the  +lj>  position.  Test  mounting  orientation  by  rocking  the 
mounting  back  and  forth  approximately  1/2  degree:  the  output 
signal  is  maximum  when  the  instrument  is  properly  aligned. 
Record  the  +  lg  output  signal  after  the  instrument  has  had 
sufficient  warm-up  time. 

c.  Invert  the  accelerometer  by  180  degrees  ±  1/4  degree.  The 
output  will  now  be  of  opposite  polarity.  Test  the  180  degree 
inversion  by  rocking  the  instrument  as  in  step  b  above.  Again, 
proper  alignment  is  achieved  when  the  magnitude  of  the  output 
signal  is  maximum.  Record  the  -l£  output  signal. 

d.  Compute  sensitivity  by  numerically  subtracting  the  +£  and-£ 
voltages  and  dividing  by  two. 

e.  Compute  zero  output  by  numerically  adding  the  -£  reading  from 
the  +g  reading  and  then  dividing  by  two. 
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A.  1.4  Static  Angular  Calibration.  Earth's  gravity  field  also  supplies  the 
force  for  accurately-controllable  inputs  between  +l£  and  ~l£  (see 
Figure  4-2).  The  static  force  is  equal  to  the  cosine  of  the  angle  alpha 
shown  in  Figure  4-2,  and  this  principle  can  be  applied  to  tilted 
surfaces,  tilted  accelerometers,  and  vector  motions. 

4.1.5  Higher-Level  Calibrations.  Calibration  procedures  at  higher  static 
levels  require  the  use  of  centrifuges.  Dynamic  calibration  usually 
is  accomplished  using  vibration  exciters  or  shake  tables. 


Angle  Alpha 

Applied  g/s 

0° 

1.0* 

30° 

0.866& 

360  52’  12" 

0.800& 

45° 

0.707& 

53°  07'  48" 

0.600* 

60° 

0.5* 

66°  25'  19" 

0.400* 

75° 

0.259* 

78°  27'  47" 

0.200* 

90° 

o& 

180° 

(-)  l£ 

(C0S-1*) 

(COS  Alpha) 

Figure  4-1.  Angle  Calibration  Factors 
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Scale  Factor  Measurement.  Obtain  scale  factor  as  follows: 


a.  Set  up  the  accelerometer  as  shown  in  Figure  4-1  and  connect 
per  Figure  2-1.  Connect  the  output  signal  to  the  voltmeter. 

b.  Follow  procedure  of  paragraph  4.1.3b  and  c. 


c.  Algebraically  subtract  (numerically  add)  the  reading  from 
the  +£  reading,  then  divide  by  2.  The  result  is  the  scale 
factor  expressed  in  Volts  per  £. 


NOTE :  The  actual  accelerometer  current  sensitivity  is  not 
normally  provided  for  the  voltage  output  models  of 
the  QA-1000  and  QA-1100  (internal  load  resistor). 

For  current  torque  self-test  models  the  current 
sensitivity  can  be  determined  by  supplying  current  torque 
to  the  accelerometer  and  reversing  the  polarity  of  the 
input  to  simulate  a  positive  and  negative  input  (refer 
to  Paragraph  3-3).  The  accelerometer  must  not  be  moved 
or  rotated  and  care  must  be  taken  to  remain  within  the 
linear  output  range  of  the  accelerometer. 


CSF 


I 

test 


(+Vout)  -  (-Vout) 


X  Scale  Factor 


CSF  is  Current  Scale  Factor 


Scale  Factor  is  found  on  the  Accelerometer  Data  Sheet. 
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NOTE :  For  voltage  self-test  accelerometers  the  current  scale 
factor  and  internal  load  resistor  may  be  determined  by 
shunting  the  internal  load  resistor  with  an  external 
resistor  (Rg)  of  known  value  and  measuring  the  output 
in  +1&  and  -l£. 


SF2  =  ^v°ut)--  (-Voutl  with  shunt  resistor 


^SF. 


1) 


SF^  is  from  the  accelerometer  data  sheet. 


CFS  = 


ffj 


Bias  Calculation.  Algebraically  subtract  the  scale  factor  (para  4.1.6c) 
from  +l£  reading  (para  4.1.3b);  the  result  is  the  bias  voltage.  Divide 
thi6  bias  voltage  by  the  scale  factor  to  obtain  bias  in  g/s. 

Repeatability  Tests.  Place  the  accelerometer  in  a  +1&  field 
(para  4.1.3)  and  record  the  output  voltage.  Remove  power  for  2  seconds, 
then  turn  power  on  and  record  output  voltage  reading  at  turn-on;  the 
difference  in  readings  (if  any)  is  the  nonrepeatability  of  the 
instrument. 

Elevated-Temperature  Test 


a.  Install  the  fixturing  of  4.1.3  in  a  chamber.  Measure  the 
(ambient)  temperature  at  the  mounting  surface  of  the  instrument. 
Perform  the  static  ±  1&  measurements  and  calculate  scale  factor 
and  bias  (paragraph  4.1.6  and  4.1.7). 

b.  Increase  the  temperature  of  the  chamber  as  desired  (<200°F) . 

The  instrument's  temperature  has  stabilized,  again,  determine 
the  scale  factor  and  bias. 

c.  The  shift  in  data  can  now  be  calculated  as  well  as  the  temperature 
coefficient  of  shift. 

Lowered-Temperature  Test 

Repeat  paragraph  4.1.10  procedure  using  a  lower  temperature  (not 
lower  than  -65°F) . 
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Transverse  Sensitivity  Test 

a.  The  static  and  low  frequency  transverse  sensitivity  of  the 
Q-FLEX  is  due  mainly  to  manufacturing  tolerances  in  the 
orientation  of  the  accelerometer  mechanism  relative  to  the 
mounting  surface  of  the  accelerometer  case.  In  a  nominally 
transverse  field  £,  the  mechanism  responds  to  £  (Figure  4-2); 
(small  and  in  radians).  The  total  output  is  the  Bias  +  £  + 
Transverse  Sensitivity  times  £. 

b.  First  the  instrument  is  mounted  in  a  "perfect"  cylinder  with 
the  instrument  mounting  surface  perpendicular  to  the  axis  of 
the  cylinder.  The  cylinder  is  laid  in  a  precision  V  block  on  a 
stable  surface  such  that  the  instrument  sees  a  1&  transverse 
field. 

c.  Now  the  cylinder  is  rotated  about  its  axis.  A  position  will 
be  found  where  the  instrument  output  will  be  a  maximum.  180° 
around  the  output  will  be  a  minimum. 

d.  The  instrument  bias  and  £  are  constant  in  this  test.  The 
transverse  sensitivity  is; 

V  max  -  V  min _ _  < 

2j>  x  Voltage  Scale  Factor 

Frequency  Response  Test 

a.  Mount  the  Q-FLEX  and  a  vibration  standard  close  together  on  a 
stiff  fixture.  Mount  the  fixture  to  a  shaker.  Drive  the  shaker 
with  a  sine  wave. 

b.  Shake  at  a  £  level  below  half  the  rating  of  the  instrument  to 
avoid  clipping  at  the  natural  frequency. 

c.  Compute  the  response  by  dividing  the  Q-FLEX  output  by  the 
reference  standard  output  at  the  frequencies  of  interest. 

Noise  Test.  Use  an  RMS  voltmeter  or  oscilloscope  to  look  at  the 
noise  output  of  the  accelerometer.  For  measurements  in  the  audio 
range,  a  ver/  quiet  environment  is  required. 

SERVICE 

The  accelerometers  are  completely-encapsulated  units.  Except  for 
cable  connections,  field  service  is  precluded. 

II  an  accelerometer  appears  to  have  sustained  internal  damage,  it 
should  be  returned  intact  to  the  factory  for  repair,  recalibration,  or 
replacement.  Include  a  report  referring  to  the  instrument  by  serial 
number  and  describing  the  installation  and  the  trouble. 

Refer  to  the  Warranty  located  in  the  back  of  this  manual. 
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Weight  less  than  65  g 
Features  low  profile  design  with 
state-of-the-art  servo  electronics. 
Unit  can  be  externally  scaled  and 
compensated  without  affecting 
the  dynamics  of  the  internal  servo 
loop. 


JKkl*.. 


Accessories 

Supplied 

Instruction  manual 
calibration  card 
carrying  case 
mounting  screws 
wrench 

Cable  No.  CA1 1 6-15-30,  Supplied  with  GA1 000 


Optional 

Model  MB-1 16-15A  mounting  bracket  (base) 
Model  MB-1 1 6-1 5B  mounting  bracket  (side) 
Model  MB-1 16-1 5C  mounting  bracket  (stud) 
Model  MB-1 1 6-1 5D  mounting  bracket  (screw) 
Model  MB-1 1 6-1 5T  mounting  bracket  (triaxial) 
Model  51 7  servo  amplifier 


How  to  order 

When  you  order  a  Sundstrand  Q-flex  accelerometer,  your  ordering  code  is  also  your  part  number 


Standard  prefix  for 
Quartz  Accelerometer. 


QA  1  2  00-AA05-14 


Scale  factor  &  self  test  features. 
See  Table  3  below 


Fixed  for  1 000  series. - 

Style  and  basic  geometry 

See  dimension  in'  Features "  section. 


Special  performance  requirements. 
See  Table  2  below 
Special  accessories  or 
characteristics.  See  Table  1. 


Table  1 


Special  Accessories  or  Characteristics* 


Q.g.ts 

Description 

Comments 

•  ’0 

As  Shown 

IV 

Welded  Environmental  Seal 

QA  1  1QO  only 

Power  Splint"  +28  VDC  or  ±  V  Operation 

QA  ’000  only 

v  W,,.r  .  p-,sr.\  A 

■  it ‘<i-  ’*  re.jue s! 

Table  2 

Performance  Requirements 

4  Digit  Number 

Bias  Temperature  Coefficient  (m  y  ,0C' 

• 

135  90  45  30  20 

10 

KA00 

AA0 1  KA01 

A AO 3  KA03 

•• 

AA05  KA05 

•• 

AA06 

• 

AA08  \ 


•t  nvmnmental  shock  250  g  1 1  milhs  er  Halt  sure  a"  axe  s 

•  Heavy  duty  HXX)  g  0  5  mtlhsec  Halt  sine  all  axes 

Note  Other  improved  performance  characteristics  available 

•  initial  bias 

•  Bias  stability  (aging  j 

•  Bias  repeatability  [environmental] 

•  Axis  misalignment 

•  V'bration  ra  tification  coefficient 

•  Scale  factor  linearity 

•  Scale  factor  temperature  coefficient 

•  Scale  factor  repeatability  ( environmental : 

•  Scat*'  factor  calibration 


Table  3 

Scale  Factor  and  Self  Test  Features 


Unit  number  (with 
servo  self  test) 

Unit  number  (with 

Units 

01 

02 

03 

04 

05 

06 

07 

08 

current  loraue  sell  test) 

1 1 

12 

13 

14 

1 5 

16 

17 

18 

Scale  Factor 

v/g 

33 

25 

50 

1  00 

2  50 

5  00 

3  50 

Output  Impedance 
Range  (lull  scale)* 

K  ohms 

25 

19 

38 

-  7.6  . 

J  90 

3  80_ 

_2_70 

with  1 1 5  VDC 

-g 

20 

25 

15 

10 

5 

2  5 

3  5 

with  ±28  VDCt 

38 

44 

30 

19 

9 

5 

7 

Output  Voltage  I  max)* 

with  ±  1 5  VDC 

Volts 

66 

6  3 

7  6 

10 

125 

125 

125 

with  1 28  VDCt 

12  5 

1 1 

15 

19 

22  5 

25  0 

25  0 

QA  1  POO  and  OA  1300  models  supplied  only  ,n  -02  ana  -  12  versions 

•  Unit  may  be  operated  from  ±  1 3  VDC  to  ± 28  VDC  Range  and  output  voltage  will  vary 
accordingly 

t At  voltages  higher  than  *2t  VDC  max, mum  operating  temperature  snouid be  reduced 
to  tOO°C 

•  Unit  supplied  with  current  output  (no  internal  load)  and  calibrated  at  25  V/g  (or 
1 5%  frequency  response  to  300  Hz 

QA  tOOO  1 100  and  QA  1200  current  scale  factor  1  33  ma/g  -  10% 

QA  1300  Current  scale  factor  3  0  ma/g  ±  10% 

Range  and  output  voltage  reduced  by  approximately  25%  lor  QA  1 300  senes 


Sundstrand  Data  Control,  Inc. 

Unit  of  Sundstrand  Corporation 


Overtake  imluitnai  Park  Redmond  WA  98052  206/885  3?1  1  T WX  910/449  2860  Telex  32  0313 
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Performance 

Range 

Scale  Factor/Sensitivity 
Output  Resistance 
Frequency  Response  (±5%) 

Natural  Frequency 
Damping  Ratio 
Noise 

0-10  Hz 
0-50  Hz 
500-10  K  Hz 

Excitation/Power  supply  voltage 
Excitation/Power  Supply  quiescent  current 
Scale  Factor/Sensitivity  shift  with  supply  voltage 
Bias/Zero  shift  with  supply  voltage 
Resolution  (DC) 

Threshold  (DC) 

Linearity  (DC) 

Q  A  1000.  1 100,  1200 
QA  1 300 
Hysteresis 
Repeatability 
Bias/Zero  unbalance 

Bias  Temperature  coefficient/Thermal  zero  shift 
Scale  Factor  Temperature  coefficient/Thermal 
sensitivity  shift 

Axis  Alignment/Transverse  sensitivity 
Vibration  rectification  coefficient  (discrete  point) 

Constant  G  random  spectrum  50  to  2  K  Hz 

Electrical 

Connection 

Grounding 


Physical 

Sensing  Element 
Weight 

Mounting  Configuration 
Case  Material 

Environmental 

Temperature: 

Operating  Range 
Specified  Performance 
Range 

Storage  Range 
Static  Overload 
Shock 
Vibration 
Humidity 


See  Table  III 
See  Table  III 
See  Table  III 
300  Hz 

Greater  than  800  Hz 
0.3  to  0.7 

<  10  picoamps  RMS 

<  100  picoamps  RMS 

<  1  microamp  RMS 
See  Table  III 

1 5  ma  per  supply 
,002%/V 
10  micro-g/V 
0.000001  g 
0.000001  g 

20  fi  g/g2 
30  n g/g2 

0.001%  of  full  scale 
0.003%  of  full  scale 
±3  milli-g  typical  ±10milli-g  max 
See  Table  II 

180  ppm/°C  (maximum) 

0.002  g/g 

75  n  g/g2  RMS  uncompensated  Can  be 
trimmed  on  OA1 200  and  QA1 300 
40  /j  g/g2  RMS 

See  Outlines 

Electronics  are  isolated  from  case 
50  Megohms  of  50  VDC.  Shield  is 
common  to  case. 

C-Flex 

See  "Features" 

Flange  per  "Features" 

Stainless  Steel 


-55°C  to  115°C 

—  18°C  to  100°C 
-65°C  to  125°C 
100g 

See  Table  II 
50  g  pk.  sine  all  axes 
Epoxy  sealed  (weld  seal  on 
OA  1 100  if  required) 


mrnmm 
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P^DATEL 

*'J  SYSTEMS.  INC. 

. leadership  in 

data  conversion 
technology 


NEW  PRODUCT  TECHNICAL  DATA 

LOW-COST,  DISPLAY-ONLY 

DIGITAL  PANEL  METERS 

MODEL  DM- 3 100  &  DM-4100  SERIES 

PRELIMINARY  INFORMATION  9/1/77 


FEATURES 

.  Balanced  Differential  Inputs  on 
34  digit  models 

.  Choice  of  34  or  44  Digits 

.  Choice  of  LED  or  LCD  Digits 

.  LCD  Model  for  Portable  Instruments: 
+9V  Power  @  3  mA 

.  Low  Profile,  Minimum  Area  Case 
Fits  Other  Manufacturers'  Cutouts 

.  Short-Depth  Case  Interchangeable 
with  Other  Datel  DPM's 

.  Ultra-Low  Prices 

34  Digit  LED :  $29  (100's),  $35  (1-9) 

44  Digit  LED:  $59  (100's),  $69  (1-9) 


DESCRIPTION 


Model  DM-3100  and  DM-4100  series  digital 
panel  meters  (DPM's)  offer  high  performance 
at  the  very  lowest  cost  for  display-only 
applications.  34  digit  models  feature  balanced 
differential  inputs.  Both  models  include 
automatic  zero  correction.  These  features  are 
normally  found  only  on  much  more  expensive 
instruments.  The  DM-3100  and  DM-4100  use  an 
LSI  MOS  integrated  circuit  to  perform  A/D 
conversion  for  very  high  reliability  and  low 
parts  count. 

Digital  Panel  Meters  find  wide  application  as 
replacements  for  1%  and  finer  mechanical  meter 
movements  used  in  analytical  instruments, 
process  controllers,  vehicle  panels,  portable 
instruments  and  automatic  test  equipment. 
External  circuits  supplied  by  the  user  allow 
DPM's  to  measure  AC  voltages,  current, 
resistance,  frequency,  period,  RPM,  temperatures 
pressure,  flow  rate  and  practically  all  other 
physical  variables.  These  DPM's  accept  a  dc 
or  slowly-varying  input  voltage  between  -2 


Volts  and  +2  Volts.  This  input  is 
converted  and  displayed  on  solid- 
state  decimal  digits.  A  polarity 
sign  is  automatically  displayed  for 
bipolar  inputs.  The  input  impedance 
is  very  high  -  100  megohms  minimum. 
This  reduces  errors  which  would 
normally  be  caused  by  excessive 
loading  of  an  input  source  with  series 
resistance  (such  as  measurement 
bridges).  The  balanced  differential 
inputs  reduce  common  mode  errors, 
typically  from  AC  power  lines  with 
long  input  leads.  The  differential 
configuration  adapts  readily  to  most 
bridge-type  transducers  and  sensors. 

Four  models  in  this  series  use  red 
self-illuminated,  solid-state  light- 
,  emitting  diode  (LED)  displays. 

Model  DM-3100X  uses  a  field 

effect  liquid  cyrstal  display  (LCD) 

requiring  room  light  to  view  readings. 
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TELEX:  024401  PRINTED  IN  U.S.A. 
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The  LCD  DPM  forms  black  digits 
against  a  light  background  and 
features  ulta-low  power  consumption 
of  15  mW  typical.  The  DM-3100X  may 
be  operated  for  many  hours  on  a 
single  small  9  V  battery.  The  LCD 
model  is  available  only  in  3!s  digit 
resolution  and  packaged  in  the 
short-depth  case. 

The  LSI  MOS  control  chip  inside  the 
DPM's  offers  low-drift  readings  over 
the  0  to  +50°C  operating  temperature 
range.  The  chip  also  includes  auto¬ 
zeroing  to  practically  eliminate 
temperature  drift  of  the  zero  setting. 

Two  case  styles  are  offered  for  the 
DM- 3100 ' s  and  DM-4100's.  Datel's 
standard  poly  carbonate  plastic 
case  offers  the  shortest  panel  depth 
(2.2  inches)  and  mechanical  mounting 
which  is  identical  to  other  Datel 
DPM's.  A  low-profile  case  is  also 
offered  which  measures  only  1.31 
inches  high  and  uses  less  than  4 
square  inches  of  panel  space.  This 
low-profile  case  will  fit  in  many 
other  manufacturer's  panel  cutouts. 

LED  models  require  regulated  +5  Vdc 
power  supplies  and  LCD  models  may 
be  powered  from  +4  V  or +14  Vdc.  All 
models  include  selectable  decimal 
points  for  convenient  scale  factoring. 

DM--H0CL 

1HTOT/0UTTW 

CONNECTIONS 


INPUT/OUTPUT  CONNECTIONS 
DM  31001 


BOMOM  IOP 


A 

B 

ANALOG  Rt  TURN 

_ 1_ 

_ i 

ANALOG  l  i  >  INPUT 

,1 

7 

NO  CONNECTION 

3 

V 

ANAL OG  Hi  INPUT 

4 

* 

NO  CONNECTION 

S 

b 

REFERENCE  OUT 

f> 

b 

NO  CONNECTION 

7 

NO  CONNECTION 

M 

NO  CONNECTION 

9 

9 

DEC  PT  1  999 

10 

10 

OEC  PT  19  99 

\  \ 

11 

DEC  PT  199  9 

l  ? 

1? 

DEC  PT  1999 

13 

13 

NO  CONNECTION 

14 

14 

NO  CONNECTION 

U> 

lb 

POWER  COMMON 

lb 

lb 

*SV  POWER  OUT 

1  7 

1  7 

•  5VDC  PWR  IN 

_ L£L 

NO  CONNECTION 
NO  CONNECTION 
NO  CONNECTION 
NO  CONNECTION 
NO  CONNECTION 
RE  F  f HENCE  'N 
NO  CONNECTION 
NO  CONNECTION 
NO  CONNECTION 
NO  CONNECTION 
NO  CONNECTION 
NO  CONNECTION 
NO  CONNECTION 
DISPLAY  TEST 
PEC  PT  COMMON 
Polarity  PfJABlE 
NO  CONNECT  ION 
OISPLAY  ENABLE 


INPUT/OUTPUT  CONNECTIONS 
DM  -  3 100  X 

BOTTOM  TOP 


A 

a 

ANALOG  RETURN 

1 

i 

ANALOG  LO  INPUT 

_ ? 

2 

NO  CONNECTION 

3 

3 

ANALOG  Hi  INPUT 

_ 4 

4 

NO  CONNECTION 

S 

'j 

REFERENCE  OUT 

C-Ju 

NO  CONNECTION 

{ 

NO  CONNECTION 

~ iT 

B 

NO  CONNECTION 

9 

9 

OEC  PT  199  9 

i  cT 

10 

DEC  PT  19  99 

1 1 

1  1 

DEC  PT  1  999 

TZ 

\? 

NO  CONNECTION 

13 

13 

NO  CONNECTION 

14 

14 

NO  CONNECTION 

lb 

IS 

5V  PWR  COM 

-11 

16 

A  D  PWR  IN 

7T 

17 

5V  DC  DC  PWR  IN 

HE 

18 

NO  CONNECTION 
NO  CONNECT  ION 
NO  CONNECTION 
NO  CONNECTION 
NO  CONNECTION 
REFERENCE  IN 
NO  CONNECTION 
NO  CONNECTION 
HORIZ  POL  OUT 
NO  CONNECTION 
NO  CONNECTION 
NO  CONNECTION 
DEC  PT  COM 
DISPLAY  TEST 
HORlZ  POL  IN 
9VPWR  COM 
VERT  POL  IN 
VERT  POL  OUT 


BOTTOM  TOP 


A 

B 

REFERENCE  IN 

1 

1 

INPUT 

2 

2 

ANALOG  LO 

INPUT 

r-2- 

DEC.  PT.  COMMON 

4 

4 

DEC.  PT. 

.9999 

5 

5 

DEC.  PT.  19.999 

6 

DEC.  PT.  199.99 

7 

7 

DEC.  PT.  1999.9 

8 

8 

DEC.  PT.  19999. 

9 

9 

WO  CONNECTION 

10 

10 

n 

11 

12 

12 

13 

13 

r 

14 

14 

HO  CONNECTION 

IS 

IS 

rows*  COMMON 

16 

16_ 

POWER  comw 

17 

17_ 

POLARITY  ENABLE 

i4_ 

REFERENCE  OUT 
NO  CONNECT IOW 

analog  hi  input 

NO  CONNECTION 


NO  CONNECTION 
BUSY /DONE  OUT 
RUN/HOLD  IN 
UNDER  SCALE  OUT 
OVER  SCALE  OUT 
NO  CONNECT  IOW 
DISPLAY  TEST 
NO  CONNECTION 
■f 5VDC  Pllt.  XV 
DISPLAY  IXABLE 


INPUT/OUTPUT  CONNECTIONS 
DM-4  TOON 

BOTTOM  TOP 


DEC  PT  1999  9 
DEC  PT  199  99 
OEC  PT  19  999 
DEC  PT  T  9999 
NO  CONNECTION 
NO  CONNECTION 
ANALOG  HI  INPUT 
DISPLAY  TEST 

NO  CONNECTION 
POWER  COMMON 


“TP 

1 

TT 

3 

D 

4 

i 

S 

f 

6 

H 

7 

J 

6 

K 

9 

JSL 

DEC  PT  COM 
BUSY  fiflKT  OUT 
RUN  HOI  D  iTi 
NO  CONNECTION 
ANALOG  LO  INPUT 
OVERSACIE  OUT 
underscale  OUT 
DISPLAY  enable 
‘5VDCPWR  IN 
W31ARITY  ENABLE 
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SPECIFICATIONS  (Typical  at  +25°C  unless  noted) 


ANALOG  INPUT 

Conf iguration 

Full  Scale  Input  Range 


Input  Bias  Current 
Displayed  Accuracy  @  +25°C 

Resolution 

Temperature  Drift  of  Gain 

Temperature  Drift  of  Zero 
Input  Impedance 
Input  Overvoltage 

Com-on  Mode  Rejection 
Common  Mode  Voltage  Range 
Warm-up  Time 

Reference 

External  Ref.  Range 

DISPLAY 

Number  of  Digits 


True  balanced  differential  bipolar  (34  digits) 
or  single-ended  (44  digits). 

-1.999  Vdc  to  +1.999  Vdc  (3*s  digit  models). 

-1.9999  Vdc  to  +1.9999  Vdc  (44  digit  models). 

Input  pad  area  will  accept  user-installed  range 
change  and  current  or  ohmeter  connection. 

2  pA  typical,  50  pA  maximum 

Within  i0.02%  of  Reading,  il  count  (44  digit 
models) 

Within  ±0.1%  of  Reading,  ±1  count  (34  digit 
models) 

1  mV  (34  digit  models) 

100 /aV  (44  digit  models) 

Within  ±50  ppm  of  Reading/°C  typ. 

Within  ±100  ppm  of  Reading/°C  max. 

Autozeroed,  ±1  count  over  0  to  +50°C 

100  Megohms,  minimum 

±250  Volts  dc,  155  VRMS  continuous  max. 

±300  Volts  intermittent  max. 

(Resistor  and  diode  clamp  protected) 

80  dB,  DC  to  60  Hz,  1  Kilohm  unbalance 

±2  Vdc  referenced  to  POWER  COMMON 

Stable  readings  within  15  seconds  from  power 
turn-on 

Internal,  referred  to  +5  V  POWER  INPUT.  External 
Reference  optional  for  ratiometric  operation. 

Must  be  within  the  range  of  the  positive  and 
negative  supply  voltages. 


3  decimal  digits  and  most  significant  "1"  digit 
(34  digit  models). 

4  decimal  digits  and  most  significant  "1"  digit 
(44  digit  models). 


Decimal  Points 


Display  Type 


Display  Height 


Overscale 


Autopolarity 


Sampling  Rate 


I/O  Connections 

Models 

Pins 

Analog  HI  Input 

DM-3100L 

A4  ' 

DM-3100N 

6 

DM-3100X 

A4 

Analog  LO  Input 

DM-3100L 

A2 

DM-3100N 

H 

DM-3100X 

A2 

DM-4100L 

A2,  i 

DM-4100N 

5 

Analog  Return 

DM-3100L 

A1 

DM-3100X 

A1 

DM-3100N 

F 

Selectable  decimal  points  are  included  for  scale 
multipliers 

Red,  light-emitting  diode  (LED)  self-illuminated. 
(Models  DM-3100L,  -3100N,  -4100L,  -4100N) 
field  effect,  sealed  liquid  crystal  displays 
(LCD)  requiring  external  illumination.  Black 
digits  against  a  light  background. 

(Model  DM-3100X) 

0.5  inches  (12,7  mm)  All  models  except: 

0.3  inches  (7,6  mm):  DM-4100N  models  only. 

Inputs  exceeding  the  full  scale  range  cause  the 
display  to  blink. 

A  polarity  sign  is  automatically  displayed  for 
bipolar  inputs. 

Factory  set  at  3  conversions  per  second.  May 
be  rewired  up  to  20  conversions/second. 


Function 

Differential  input  voltages  are 
connected  between  these  inputs. 

A  bias  current  path  to 
POWER  COMMON  from  both  these 
inputs  must  be  externally  provided 
External  circuits  must  constrain 
Analog  LO  In  to  be  within  ±2  V  of 
POWER  COMMON. 

(See  application  drawings  and 
discussion. ) 

Single-ended  44  digit  models 
have  Analog  LO  In  internally 
connected  to  POWER  COMMON. 

On  DM-3100X  only,  this  point  may 
be  used  as  a  bias  current  return 
path  or  input  circuit  reference 
point  for  the  9  V  powered  circuit 
only.  This  point  is  elevated 
from  POWER  GROUND  approximately 
+3.2  V  and  may  be  used  as  bias 
current  return  for  limited 
common  mode  voltages  less  than 
+1  Volt.  ANALOG  RETURN  should 
never  be  connected  to  POWER 
COMMON . 


-L 


I/O  Connect  ions 


Models 


Pins 


Function 


Reference  IN 

Reference  Out 


Busy/Done  Out 

OVERSCALE  OUT  \ 
UNDERSCALE  OUT  I 

Power  Connections 
A/D  POWER  IN 

5  V  DC /DC  POWER  IN 

5  V  POWER  COMMON 

9  V  POWER  COMMON 

+5  V  POWER  OUT 


DM-3100L 

B6 

DM-3100X 

B6 

DM-4100L 

A1 

DM-3100L 

A6 

DM-3100X 

A6 

DM-4100L 

B1 

DM-4100L 

BIO 

DM-4100N 

2 

DM-4100L 

DM-4100N 

Models 

Pin 

DM-3100X 

A17 

DM-3100X 

A18 

DM-3100X 

A16 

DM-3100X 

B16 

DM-3100L 

A17 

Normally,  REF  IN  should  be 
jumpered  to  REF  OUT.  An  external 
reference  may  be  substituted  for 
ratiometric  operation. 

See  application  note. 

This  output  is  logic  "HI"  during 
A/D  conversion  and  logic  "LO"  when 
conversion  is  complete.  It  may 
be  used  in  automatic  equipment  to 
prevent  changing  the  input  voltage 
during  conversion. 

A  logic  "HI"  on  either  output  indi¬ 
cates  an  out  of  range  input  for 
autoranging  applications. 


Function 

This  pin  is  connected  to  the 
internal  positive  supply  rail. 
External  positive  supply  voltages 
should  be  connected  to  it. 

This  pin  should  be  externally 
connected  to  pin  A17  only  for 
+5  V  power  input  requiring  the 
DC/DC  converter.  Do  not  connect 
for  9  V  power  configuration. 

Use  only  for  5  V  power  configur¬ 
ation.  Do  not  use  for  9  V  power 
configuration.  This  pin  may  be 
used  as  a  bias  current  return 
path  for  input  signals. 

This  pin  is  connected  to  the 
internal  negative  supply  rail 
and  to  the  output  of  the  DC/DC 
Converter.  Use  only  as  the 
negative  voltage  for  9  V  supplies. 

This  pin  is  internally  connected 
to  pin  A18  and  is  used  to  refer¬ 
ence  an  external,  isolated 
voltage  reference  source. 

This  pin  is  connected  to  the 
DC/DC  converter  input  common  and 
to  digital  common. 


I/O  Connections 

Models 

Pins 

DECIMAL  POINTS 

DM-3100N 

DM-4100N 

DECIMAL  PT.  COMMON 

DM-3100L 

B15 

DM-3100X 

B13 

DM-4100L 

A4 

Display  Enable 

DM-3100L 

B18 

DM-3100N 

K 

DM-4100N 

8 

DM-4100L 

B18 

Run/Hold  In 

DM-4100L 

Bll 

DM-4100N 

3 

Display  Test 

DM-3100L 

B14 

DM-3100N 

3 

DM-3100X 

B14 

DM-4100N 

J 

Polarity  Enable 

DM-3100L 

B16 

DM-3100N 

10 

DM-4100N 

10 

DM-4100L 

A1 8 

Horiz.  Polarity  In 

DM-3100X 

B15 

Horiz  Polarity  Out 

B9 

Vert.  Polarity  In 
Vert.  Polarity  Out 

DM-3100X 

B17 

B18 

Reference  In/Out 

DM-3100N 

2 

Func  t ion 


Connect  selected  pin  to  decimal 
point  common  only  with  a  270  ohm 
resistor  in  series. 

On  these  models  only,  connect 
this  pin  to  the  selected  decimal 
point  pin  to  illuminate  the 
corresponding  decimal  point. 

Connect  to  +5  Vdc  power  to 
illuminate  display.  Disconnect 
to  blank  display,  but  keep  A/D 
converter  cycling. 

A  TTL  "HI"  or  open  pin  enables 
continuous  sampling.  XTL  "LO"  or 
ground  will  hold  and  display  the 
last  sample  for  temporary  single 
sample  storage  or  to  copy  down 
a  reading. 

Connect  this  input  to  +5  Vdc  to 
light  all  display  segments 


Ground  this  input  to  automatic¬ 
ally  display  a  minu;  sign  for 
negative  inputs. 

Normally  these  inputs  are 
jumpered  together  to  continuously 
illuminate  the  horizontal  portion 
of  the  polarity  sign.  Omit  the 
B15-B9  jumper  for  applications 
not  requiring  sign  display. 

Jumper  these  inputs  when  B15-B9 
is  jumpered  for  automatic  sign 
display  with  bipolar  inputs.  For 
reverse  sensing  applications,  B18 
may  be  jumpered  to  B15  only 
(no  other  connections) .  This 
will  display  a  minus  sign  with 
positive  inputs  and  no  sign  with 
negative  inputs. 

Normally  there  is  no  connection 
on  this  pin.  Users  may  install 
internal  jumpers  to  make  the 
internal  reference  available  at 
the  connector  pins  or  to  use  an 
external  reference  for  ratio- 
metric  operation. 


-  368  - 


POWER  REQUIREMENTS 


PHYSICAL-ENVIRONMENTAL 
Outline  Dimensions 

Cutout  Dimensions 

Mounting  Method 


Outline  Dimensions 


Cutout  Dimensions 


Mounting  Method 


Weight 


LED  Models 

External  +5  ±0.25  Vdc  regulated  required  at 
190  mA  typical,  250  mA  max.  (3^  digits)  or 
350  mA  typical,  400  mA  max.  (4*s  digits).  Logic 
spikes  must  not  exceed  50  mV.  Power  current 
varies  rapidly  so  that  unregulated  supplies 
cannot  be  used. 

LCD  Models 

Accepts  either  +5  Vdc,  or  +9  Vdc  power. +5  V 
power  uses  an  internal  DC/DC  Converter  to 
generate  negative  supply  voltage.  Operating 
ranges:  +5  V :  +4  V  to  +8  V 

+9  V:  +8  V  to  +14  V 

Power  current  @  +5  V  is  6  mA  typ.,  10  mA  max. 
Current  @  +9  V  is  3  mA  typ.,  6  mA  max. 

A  multiturn  screwdriver  pot  accessible  by 
removing  the  case  adjusts  the  full  scale 
reading  (gain). 

Zero  is  automatic  (autozeroing).  Suggested 
recalibration  in  stable  conditions  is  90  days. 


Low  Profile  Case 


2. 53"W  x  3.25"D  x  0.94"H 
(64,3  x  82,5  x  23,8  mm) 

2. 53"W  x  0.97"H  min. 

(64,3  x  24,6  mm) 

Through  a  front  panel  cutout  secured  by  a  rear 
flange  plate  and  two  removable  side  case  screws. 
Panel  thickness  up  to  0.62"  (15,9  mm).  See 
mounting  diagram. 

Short-Depth  Case 

(Interchangeable  with  other  Datel  cases) 

3 . 00"W  x  2 . 15"D  x  1 . 76"H 
(76,2  x  54,6  x  44,7  mm) 

1 . 812"H  x  3 . 062"W 
(46,0  x  77,8  mm) 

Through  a  front  panel  cutout  secured  by  (4) 

4-40  front  access  screws  which  are  concealed 
by  the  bezel.  See  mounting  diagram. 

Approx.  5  ounces  (142  g) 
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Connector 


Mounting  Position 
Operating  Temperature  Range 
Storage  Temperature  Range 
Altitude 

Relative  Humidity 


Double-sided,  edgeboard  PC  type,  solder  tab 

gold-plated  fingers. 

Any 

0  to  +50°C 

-25°C  to  +85°C 

0  to  15,000  feet  (4900  m) 

20%  to  80%,  non-condensing 


I  DISPLAY 


LED 

DISPLAY 


LIQUID  CRYSTAL 

DISPLAY 

LOW  POWER 


MODEL  NUMBERS  AND  PRICES 


3h  Digit 

Resolution 

Differential 


4*s  Digit 

Resolution 

Single-ended 


DM-3100N 
$35  (1-9) 

$29  (100+) 

DM-4100N 
$69  (1-9) 
$59  (100+) 

DM-3100L 
$35  (1-9) 

$29  (100+) 

DM-4100L 
$69  (1-9) 
$59  (100+) 

DM-3100X 
$49  (1-9) 

$41  (100+) 

NOT 

AVAILABLE 

CASE 

TYPE 


LOW  PROFILE 
CASE 


SHORT 

DEPTH 

CASE 


Prices  do  not  include  PC  Board  connectors.  Please  include  with  you  DPM  order. 


Connector  Model  DPM  Case 


Description 


Viking  Equiv. 


Price 

(1-9) 


58-2075010 

58-2073082 


Short-Depth 

Low-Profile 


Dual  18-pin, 
Dual  10-pin, 


0.1"  ctrs 
0.156”  ctrs 


3VH18/1JN5 

2VH10/1AN5 


$2.95 

$1.95 


i 
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9/9/77 


DM-3100N 


INPUT /OUTPUT 
Typical 
CONNECTIONS 


BOTTOM  TOP 


External 

Input 

Bridge 


c 


p-A/\A\ - 


REF. 

DEC. 

DEC. 

DEC. 

DEC. 

DEC. 

ANA. 


IN 

PT. 

PT. 

PT. 

PT. 

PT. 


1999. 

199.9 

19.99 

1.999 

COM 


LO  IN 


This  connection 
is  permitted  for 
certain  isolated 
inputs. 


x- 


•**ANA.  RETURN 
| — DISPLAY  ENABLE 
POWER  COMMON 


A 

1 

P 

l 

c 

3 

n 

4 

E 

5 

F 

6 

H 

7 

J 

8 

K 

9 

L 

10 

□ 


REF  OUT- 
OFFSET  OUT  (OPT.)* 

DISPLAY  TEST - 

OHMS  LO  (OPT.)* 


ATTENUATOR  IN 

ANA.  HI  IN - 

NO  CONNECTION 
OHMS  HI 

+5VDC  PWR.  IN- 
POL.  ENABLE- 


(OPT.)* 


□ 


+5V 


*These  connections  are  optional  extra  features  and  require  PC  board 
installation  of  additional  components  by  the  user.  See  application 
notes  in  full  brochure. 


**DO  NOT  connect  Analog  Return  to  Power  Common.  Power  Common  may  be  used 
as  Analog  Common.  Analog  Return  is  approximately -2. 8VDC  below  plus  Vs  and 
may  be  used  as  bias  current  return  in  some  applications.  See  full  brochure 
Connecting  to  Analog  Return  rather  than  Power  Common  will  produce  lower 
noise  although  Analog  Return  cannot  source  or  sink  more  than  1mA.  Connect 
long,  noisy  cable  shields  to  Power  Common. 


PM-35A 
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+5V 


Fig.  D1  1  Cockpit  cootiol  .mil  display  unit  ^CDU) 
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Appendix  E 

RESULTS  OF  COMPUTER  SIMULATION  STUDY 
RELATING  TO  THE  FIFTH-ORDER  FILTER 
RESPONSE  TO  VEHICLE  HEIGHT  CHANGES 


A  computer  simulation  of  the  fifth-order  filter  was  con¬ 
structed  using  a  Runga-Kutta  integration  routine  to  evaluate  the 
system  time  response  to  vehicle  height  changes  for  various  filter 
time  constants.  The  fifth-order  filter  has  inputs  of  acceleration 
and  its  output  is  ideally  considered  as  vehicle  height.  Ideally, 
the  filter  is  to  remove  constant  changes  in  height,  such  as  those 
due  to  bow  and  stern  seal  height  settings,  etc. 

Four  different  acceleration  profiles,  each  of  which  simu¬ 
lates  a  particular  transient  condition  of  the  vehicles  as  shown  in 
Figs.  El-1  through  El-4  were  input  to  the  filter  for  each  of  three 
filter  time  constants  (x  =  20,  30,  and  40  s).  The  first  input, 
input  (a) ,  represents  a  vehicle  responding  to  1  g  of  acceleration 
for  0.01  s,  which  builds  up  a  vertical  velocity  of  0.3  ft/s.  This 
is  sustained  for  15  s,  then  the  acceleration  of  -1  g  is  input  to 
stop  the  vertical  motion  at  a  5  ft  height  change.  Acceleration 
input  (b)  represents  a  1  g  input  for  0.03  s  to  yield  a  vertical 
velocity  of  1  ft/s.  This  motion  is  stopped  by  a  -1  g  for  0.03  s 
at  0.5  s  to  yield  an  overall  height  change  of  0.5  ft.  Input  (c) 
is  a  0.04  g  acceleration  for  0.25  s  to  yield  a  velocity  of  0.33 
ft/s,  which  is  halted  at  15  s  by  a  -0.04  g  acceleration  input  for 
0.25  s,  for  an  overall  vehicle  height  change  of  5  feet.  The  fourth 
simulated  input  is  a  1  g  for  0.25  s,  followed  immediately  by  a  -1  g 
for  0.25  s.  The  peak  velocity  buildup  was  8  ft/s.  The  overall 
height  change  was  2  ft. 

Figure  El-5  is  a  block  diagram  of  the  fifth-order  filter 
showing  the  gains  used  for  each  filter  time  constant  considered. 

The  gain  was  computed  based  on  the  following: 

Accelerometer  gain  =  2.5  V/g 

Filter  output  =  2  ft/V 

At  high  frequency,  the  filter  reduces  to  the  desired  second-order 
2 

integration  K^/s  . 
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Typically  the  filter  response  for  xa=20  s  to  input  (a)  is 

shown  in  Figs.  E2-1  through  -5,  when  E2-1  is  the  first-stage  out¬ 
put,  E2-2  is  the  second-stage  output,  etc.,  and  E2-5  is  the  final 
filter  output  as  a  function  of  time  after  initiation  of  the  input. 
The  actual  filter  stages  saturate  at  ±12  V.  One  must  avoid  satu¬ 
ration  due  to  loss  of  information,  and,  secondly,  if  the  OA's  used 
saturate,  they  require  an  excessive  time  to  recover.  Saturation 
of  the  fifth-stage  OA  would  occur  at  an  equivalent  output  of  ±24  ft. 
Of  the  four  cases  considered,  no  saturation  of  any  of  the  stages 
of  the  filter  occurred. 

Table  E2-1  is  a  summary  of  the  system  response  to  the  four 
different  acceleration  inputs  showing  maximum  excursions  for  the 
fourth  and  fifth  stages  for  each  of  the  time  constants  considered 
and  the  maximum  derivation  (error)  after  a  reset  delay  of  150  s. 
Cases  (b)  and  (d)  are  most  likely  to  occur  during  an  operational 
test  run  of  the  craft.  There  is  a  0.5  ft  height  change  in  a  5  s 
time  or  a  2  ft  height  change  in  a  0.5  s  time,  each  of  which  is  af¬ 
fected  by  a  seal  height  change.  As  shown  in  Table  E2-1,  the  maximum 
error  in  system  output  in  feet  for  case  (b)  is  -^0.3  ft  occurring 
at  0.5  s  after  excitation  and  for  case  (d)  is  1.3  ft  at  0.5  s  in¬ 
dependent  of  the  filter  time  constant.  However,  this  error  reduces 
very  rapidly  for  the  20  s  filter  compared  to  the  40  s  filter.  The 
20  s  filter  error  is  less  than  0.05  ft  in  25  s,  while  the  40  s 
system  response  error  is  still  greater  than  0.5  ft  at  25  s.  For 

this  reason  the  filter  time  constant  t  was  reduced  from  40  s  to 

a 

20  s  to  achieve  a  better  operational  use  of  the  equipment.  Fig¬ 
ures  E2-6  through  -10  are  the  filter  responses  for  each  stage 
(ta=20  s)  with  input  (b).  Figures  E2-11  through  -15  are  the  filter 

responses  for  each  stage  (t  =20  s)  with  input  (c).  Figures  E2-16 

a 

through  -20  are  the  filter  responses  for  each  stage  (t  =20  s)  with 

sl 

input  (d).  Figures  E2-21  through  -24  are  the  responses  of  the 
fifth-stage  filter  (xa=30  s)  output  for  each  input  (a)  through  (d) , 

respectively.  Figures  E2-25  through  -28  are  the  responses  of  the 
fifth-stage  filter  (x  =40  s)  output  for  each  input  (a)  through  (d), 
respectively. 

After  operating  the  system  at  sea,  the  filter  time  constant 

(x  )  was  further  reduced  to  4  s  to  minimize  the  transient  errors, 
a 

Figures  E2-29  through  E2-32  are  the  fifth-order  filter  responses 
for  the  four  different  simulated  inputs.  The  maximum  transient 
errors  are  all  less  than  0.15  ft  after  5.0  s. 
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Table  E2-1 

Fifth-order  filter,  summary  of  response  data 
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Height 


Fig.  El-1  Acceleration  input  (a). 
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Velocity 


Fig.  El -2  Acceleration  input  (b). 


THE  JOHNS  HOPKINS  UNIVERSITY 

APPLIED  PHYSICS  LABORATORY 

laurel  Maryland 


THE  JOHNS  HOPKINS  UNIVERSITY 

APPLIED  PHYSICS  LABORATORY 

LAUREL  MARYLAND 


Acceleration 


+1  g 

1* - 0.25  s- 

— 

< - 0.25  s- 

Height 


Fig.  El-4  Acceleration  input  (d). 
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High-pass  Low-pass  High-pass  Low-pass  High-pass 


Where  v/ITj"  =  2.5  rad/s 

•y/lTj  ra  =  1 0  for  ra  =  4  s 

vTT,  ra  =  50  for  rg  =  20  s 

x/T^  Tg  =  75  for  Ta  =  30  s 

vTTj  Ta  =  100  for  Ta  =  40  s 

Fig.  El -5  Block  diagram  of  the  fifth-order  filter. 
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2.100 


1 .575  H 


1.050^ 


~  0.525 


o 

LU 


0.000 


-0.525i 


1  050^ 


- 1 .575  H 


2.100 


ra  =  20 


First-stage  output  ( E01 ) 
Type  (a)  input 


0.00  50.00  100.00  150.00  200.00  250.00  300.00  350.00  400.00  450.00  500.00 

Time 


Fifi.  E2-1  First-stage  filter  output  in  response  to  a  5  ft  vehicle  height  change  in  a 
15  s  period  for  ra  =  20. 
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Fig.  E2-2  Second-stage  filter  output  in  response  to  a  5  ft  vehicle  height  change  in 
a  15  s  period  for  ra  =  20. 
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0.00  50.00  100.00  150.00  200.00  250.00  300.00  350.00  400.00  450.00  500.00 

Time 

Fig.  E2-4  Fourth-stage  filter  output  in  response  to  a  5  ft  vehicle  height  change  in  a 
15  s  period  for  ra  =  20. 


Filter  output. 
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Fig.  E2-5  Fifth-order  filter  output  in  response  to  a  5  ft  vehicle  height  change  < 

in  a  15  s  period  for  ra  =  20. 
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0.260 

0.156 

0.131 

-  0.105 

CN 

o 

LU 

1  0.078 

■4—* 

3 
O 

0.052 

0.026 

0.000 

-0.026 

0.00  50.00  100.00  150.00  200.00  250.00  300.00  350.00  400.00  450.00  500.00 

Time 

Fig.  E2-7  Second-stage  filter  output  in  response  to  a  0.5  ft  vehicle  height  change 
in  a  0.5  s  period  for  ra  =  20. 
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Filter  output, 
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0.260  - 

ra=20 

Third-stage  filter  output  (E03) 

0-^6-  Type  (b)  input 

0.131  ii 
E  0.105- 

n 

o 

UJ 

0.078-, 

0.052- 

0.026- 

0.000,  _ _ _ — « - <i - . - • - • - . - . - * - . - . - ♦ - . - • - . - . - . - . - 

-0.026 - 1 - r - — l — - - — —t - — i - — — i - - - t - 1 —  - r- — - 

0.00  50.00  100.00  150.00  200.00  250.00  300.00  350.00  400.00  450.00  500.00 

Time 

Fig.  E2-8  Third-stage  filter  output  in  response  to  a  0.5  ft  vehicle  height  change 
in  a  0.5  s  period  for  ra  =  20. 
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Time 

Fig.  E2-14  Fourth-stage  filter  output  in  response  to  a  5  ft  vehicle  height  change 
in  a  15  s  period  for  ra  -  20. 
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0.775 


0.700 J 


0.525J 


Ta  =  20 


Second-stage  filter  output  (E02) 
Type  (d)  input 


0.00  50.00  100.00  150.00  200.00  250.00  300.00  350.00  400.00  450.00  500.00 


Fig.  E2-17  Second-stage  filter  output  in  response  to  a  2  ft  vehicle  height  change 
in  a  0.5  s  period  for  ra  =  20. 
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Fig.  E2-22  Fifth-order  filter  output  in  response  to  a  0.5  ft  vehicle  height  change 
in  a  0.5  s  period  for  ra  =  30. 
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Fig.  E2-24  Fifth-order  filter  output  in  response  to  a  2  ft  vehicle  height  change 
in  a  0.5  s  period  for  ra  =  30. 
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Fig.  E2-27  Fifth-order  filter  output  in  response  to  a  5  ft  vehicle  height  change 
in  a  15  $  period  for  ra  =  40. 
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Fig.  E2-28  Fifth-order  filter  output  in  response  to  a  2  ft  vehicle  height  change 
in  a  0.5  s  period  for  ra  =  40. 
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Fig.  E2-29  Fifth-order  filter  output  in  response  to  a  5  ft  vehicle  height  change 
in  a  15  s  period  for  ra  =  4.0. 
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Fig.  E2-30  Fifth-order  filter  output  in  response  to  a  0.5  ft  vehicle  height  change 
in  a  0.5  s  period  for  ra  =  4.0. 
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Fig.  E2-32  Fifth-order  filter  output  in  response  to  a  2  ft  vehicle  height  change 
in  a  0.5  $  period  for  ra  =  4.0. 
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